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PREFACE 


A Symposium on The Chemical Basis of Heredity was held at The 
Johns Hopkins University under the sponsorship of the MeCollum- 
Pratt Institute on June 19-22, 1956. This volume consists of the papers 
and informal discussions presented at these meetings. 

Biologists have long been concerned with the mechanism of duplica- 
tion, and geneticists in particular have developed the concept that 
probably the only self-reproducing unit smaller than the cell is the 
gene. Chemical discoveries during the past ten years relating particu- 
larly to nucleic acid and chromosome structure, gene function, protein 
synthesis and enzyme action have provided a broad chemical and 
physico-chemical framework which makes speculation on the mecha- 
nism of duplication profitable. In the planning of the present sym- 
posium we attempted to bring together those geneticists, virologists, 
biochemists, physiologists, biophysicists, and physical chemists who 
have made important contributions to our understanding of the mecha- 
nism of self-reproduction with the hope that an exchange of ideas would 
be of value in eventually explaining ““The Chemical Basis of Heredity”. 

In the planning of the Symposium the participants and members of 
the Institute contributed their time generously. It is a pleasure to 
acknowledge the important contributions of the following moderators: 
Dr. Bentley Glass (Part I), Dr. Boris Ephrussi (Part 2), Dr. S. Luria 
(Part 3), Dr. Roger Herriott (Part 4), Dr. Paul Doty (Part 5), 
Dr. Gerhard Schmidt (Part 6) and Dr. J. Lederberg (Part 7). 

It is also a pleasure to acknowledge the important assistance of 
the Atomic Energy Commission in helping defray part of the expense 
of the Symposium. 


October 10, 1956 
W. D. McE.roy, Director 


MecCollum-Pratt Institute 
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Part I 


CELLULAR UNITS OF HEREDITY 





THE ROLE OF THE NUCLEUS IN HEREDITY 


GrorGE W. BEADLE 
Division of Biology, 
California Institute of Technology, 
Pasadena, California 


SEVERAL FACTORS have interacted to accelerate the advance of genetics 
in recent years. The widespread use of microorganisms, including 
viruses, has been one of these (10). Such material makes feasible the 
study of phenomena that occur with a frequency several orders of 
magnitude smaller than those that are investigated in higher forms. 
An increasing tendency for geneticists and biochemists to think about 
biological problems in common terms and to make use of each other’s 
methods has also been important. Perhaps even more significant has 
been the formulation of the Watson-Crick hypothesis of deoxyribo- 
nucleic acid structure (5, 50). This has made it increasingly profitable 
for biologists and chemists to think, talk, and write about genetic units 
in terms of clearly defined chemical concepts. Symposia such as this, 
in which investigators from a variety of disciplines come together to 
exchange information and views, likewise play an important part. 

I believe it will be useful to attempt, at the beginning of the 
Symposium, to summarize present knowledge about genetic material. 
I propose to do this briefly and simply, making use of those interpreta- 
tions and hypotheses of gene structure and gene function that seem 
more probable to me. This is not easy, for there is much that we do 
not yet know and many points on which presently available evidence 
appears to be conflicting. I fully realize that my presentation will be 
colored by my prejudices and will suffer from my incomplete knowledge 
of certain lines of evidence. 


Tur GENE AS A BriotocicaL UNIT 


Beginning with Mendel and for some sixty years thereafter geneti- 
cists worked almost exclusively with higher plants and animals. The 
garden pea, maize, the jimson weed, the fruit fly, the mouse, and man 
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were some of the organisms that contributed importantly to the knowl- 
edge of classical genetics. The “factor” or “gene” of the genetics of this 
time was a unit of inheritance, detected only if it existed in two or 
more forms each with a characteristic developmental effect (37, 38). 

In the second decade of this century it became clear that genes are 
carried in chromosomes and are arranged linearly. The many genes 
carried in a single one of the several kinds of chromosomes of a given 
species are “linked,” i.e., transmitted from one generation to the next 
as a group. During chromosome pairing at meiosis, heterozygous linked 
genes may recombine through “crossing over’ between homologous 
chromosomes. The frequency with which such recombination occurs 
for any two linked genes is a function of the distance between them 
and provides the basis on which linear genetic “maps” of gene loci 
are constructed. 

Until recently it was widely believed that the process of crossing 
over does not alter individual genes—that it occurs between genes, 
not within them. The evidence on which this belief was founded is the 
basis for considering the gene to be an elementary biological unit, 
occupying a definite position in a chromosome (a locus), and trans- 
mitted intact from one generation to another. 

In recent years evidence has accumulated that can be interpreted 
to mean that the gene is divisible by intragenic crossing over. The 
nature and significance of this evidence will make up an important 
part of this Symposium (2, 3, 4, 18). 


Tue CupmicaL NATURE OF THE GENE 


Chromosomes are composed of deoxyribonucleic acid and protein 
combined in a way that is not yet completely understood (25, 32, 42). 
For many years it was assumed that genetic specificity was to be 
accounted for entirely in terms of the structures and configurations 
of proteins. ; 

The demonstration that transformations in type specificities of 
pneumococcal bacteria can be brought about by highly purified prepa- 
rations of deoxyribonucleic acid (DNA) first focussed attention on this 
substance as possible carrier of genetic information (1). Over the years 
it has become increasingly clear that DNA does indeed constitute the 
primary genetic material in this organism (Lig l2y 23°94). 

In the phages (bacterial viruses), too, the evidence is strong that 
genetic continuity resides in DNA. In these relatively simple systems. 
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infection of host cells is accomplished through the injection of phage 
DNA. Experiments in which DNA and protein are labeled with P-32 
and $-35 show that the injected material is 97 per cent DNA and only 
3 per cent protein (19). The protein coats remain outside. Although 
it remains conceivable that the protein injected plays some direct 
genetic role, it seems more probable that continuity of phage genetic 
material depends solely on DNA at this stage of the life cycle. 

Unlike phages, tobacco mosaic virus contains ribonucleic acid 
(RNA). In the virus rod RNA is carried inside a cylindrical protein 
jacket (138, 14, 17, 30). No DNA is present. Obviously in this system 
the primary genetic information must be carried in the form of RNA, 
for RNA alone can bring about infection under certain conditions 
(14, 15). This conclusion is confirmed by the behavior of artificially 
reconstituted virus particles consisting of protein and RNA from 
genetically different strains. The progeny of such “hybrid” viruses 
are like the strain that contributed the RNA (14). 

The evidence in higher forms is less decisive. By analogy with 
viruses, it is assumed as a working hypothesis that the primary genetic 
material is DNA rather than protein. 


Tue Watson-Crick HyYpoTHESsISs 


The Watson and Crick hypothesis (5, 50) that the polynucleotide 
chains of DNA normally assume the configuration of a double helix 
in which chains are hydrogen-bonded together through complementary 
base pairs is strongly supported by evidence from x-ray diffraction 
patterns and from analytical data on base ratios (52). In the double 
helix, adenine (A) and thymine (T) form one base pair. Guanine (G) 
and cytosine (C) constitute the second pair. Since there are two ways 
in which a given base pair can be turned at a given level in the helix, 
there are four base pairs possible. 

The Watson-Crick structure is attractive from a biological point 
of view because it provides a plausible basis for gene specificity, for 
gene replication, and for gene mutation. 


Gene Specificity. 

It is assumed that gene specificity resides in sequence of base pairs 
in a DNA double helix. If there were no restrictions as to the pro- 
portion in which base pairs occur or in the sequence in which they occur, 
the number of different DNA molecules possible is 4", where n is the 
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number of base pairs. Thus it is clear that DNA provides an adequate 
basis for gene specificity. 


Gene Replication. 

The two complementary polynucleotide chains of the W atson-Crick 
structure provide a plausible basis for gene reproduction (50). It is 
postulated that the complementary chains separate and that each acts 
as a template for the synthesis of a new partner. Indicating the build- 
ing blocks with the letters A, T, C, and G, the replication process can 
be schematically represented as follows: 


Moaetian ACeTeG 

23, A OMG aerate 

AOR TSG dae eATC 
IL Ul ll pile 
1G Aacees ACCME 
TeGuA On =? sibel sales 

see ae 


It is not at all clear in detail how this process might occur, a situa- 
tion that accounts for the fact that the subject is dealt with in this 
Symposium (5, 6). 

Since replication of genetic material never occurs in the absence of 
a living cell in which RNA and protein are present in addition to DNA, 
the possibility must be kept in mind that replication could be less 
direct than is suggested by the above simplified scheme. It is an 
impressive fact that DNA is the only large molecule so far known to 


have a structure that so plausibly provides for multiplication through 
replica formation. 


Gene Mutation. 


If genetic specificity does indeed consist in base-pair sequences in 
DNA molecules, mutation almost certainly consists in alteration of 
these sequences. Four types of such alteration are obviously possible, 
viz.: (a) substitution at one or more base-pair levels, (b) rearrange- 
ment of base-pair Sequences, (c) duplication of one or more base pairs, 
and (d) deletion of base-pairs. Watson and Crick (50) have suggested 
a mechanism by which the first of these might oceur. In terms of 
chromosomes, which are structures many times larger than DNA helices 
but in which genetic information may well be carried in the form of 
DNA, both inversions and deletions are known to occur. 
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Gene Function. 


In whatever form it is carried, genetic information must obviously 
be made use of in the development and functioning of a living system. 
In bacterial viruses the DNA that is injected into the host cell some- 
how directs that the cell synthesize the protein material that is to 
constitute the coats of daughter viruses. These proteins differ from 
normal host proteins (19). 

It seems probable that, whatever mechanism exists for translating 
DNA information into protein specificities, there are discrete segments 
of DNA that correspond to particular protein configurations. From 
the standpoint of function, sueh DNA segments may be defined as 
genes. 

It has been postulated that in protein synthesis in general, RNA 
is directly involved in a template mechanism (9, 45, 46). On this 
view specific proteins are built up on RNA templates of corresponding 
specificities. It seems reasonable to suppose that such RNA templates 
are in turn somehow derived from the DNA segments that are the 
genes. In cellular forms genetic DNA is largely or wholly confined to 
the nucleus. The RNA which serves as templates for protein synthesis 
is largely but not wholly located in the cytoplasm. 


GENETIC CROSSING OVER 


In maize, Neurospora, Drosophila, and several other organisms in 
which conventional sexual reproduction occurs, crossing over occurs at 
meiosis at the time or shortly after paired homologous chromosomes 
are replicated. This is sometimes called the four-strand stage. At a 
given level only two of the four strands cross over. Thus in the double 
heterozygote represented as follows: 

A B/ab 
where A and a indicate alternate forms of one gene and B and D alter- 
nate forms of a linked gene, and alleles in one of the homologous 
chromosomes are placed on the same side of the solidus, the products 
that result from a single crossover between A and B are: 


A B 
ey Gin 
a B 
a b 
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It is important to note that the reciprocal products A b and a B 
arise from a single crossover event. It is also significant that, with 
respect to a given gene pair, one or the other of the alternative forms 
is found in a given daughter chromosome. It does not happen with 
any appreciable frequency that the crossover goes through the region 
of the chromosome occupied by gene A in such a way that daughter 
genes are made up of parts of both A and a. 

Genes may lie so closely together in the chromosome that cross- 
overs occur between them with a very low frequency—for example, 
one per thousand daughter chromosomes. 

The chromosomes of higher forms may consist of discrete segments 
consisting of DNA and protein joined linearly by divalent calcium ions 
(31). The evidence for this lies in the fact that chelating agents cause 
the dissociation of chromosomes into units about 4000 A units long, 
possibly corresponding to individual genes. It has been suggested that 
conventional crossing over occurs exclusively at these connections— 
that is, between genes. This suggestion receives support in the obser- 
vation that crossing over and chromosome rearrangements are increased 
in frequency under conditions of calcium deficiency (27, 47). 


Tue FuncrTionaL Trst ror ALLELISM 


Genes that occupy different positions characteristically have dif- 
ferent functions. Thus A may be necessary for the formation of one 
enzyme and B for another. In such cases the double heterozygote 


Aso qe 


will produce both enzymes, a and b being the inactive and recessive 
forms of the two genes. 

Allelic forms of a single gene occupy corresponding loci in homolo- 
gous chromosomes. They affect the same character presumably be- 
cause they modify a single primary function of the gene. When two 
such mutant alleles of a single gene are recessive and are carried in 
homologous chromosomes, i.e., 


Cae ti 


the organism in which they occur is usually not normal. 
The difference between the phenotypes of a double heterozygote 
involving two different genes and of a heterozygote for mutant alleles 
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of a single gene provides the basis for the classical test for allelism. 
An A b/a B genotype is A B (normal) in phenotype whereas a/a’ is 
a or a’ (mutant) in phenotype. This test can be made in diploids, 
heterocaryons or, under special circumstances, in “haploid” bacteria 
(7, 18) or viruses (2). 

There is some evidence that this test may occasionally break down 
in either of two ways: 

First, in cases interpreted in terms of closely linked genes with 
related functions—for example, genes assumed to be required for the 
formation of enzymes that catalyze successive steps in a sequence of 
chemical reactions such as 


= IB See IN eB! 


—the so-called “trans” double heterozygote, A b/a B, may be unable 
to carry out the reaction sequence, whereas the “cis” heterozygote, 
A B/a b, does so in a normal way. Crossing over between such genes 
may be infrequent but in some cases is conventional in that it is 
associated with the expected crossovers for closely linked marker 
genes, and in that reciprocal crossover products are found to result 
from a single event (28). The inability of the trans heterozygote to 
function normally is referred to as one type of “position effect.” 
It should be emphasized that in none of the cases in which this inter- 
pretation has been made have the assumed separate chemical steps 
been convincingly demonstrated. Consequently alternative interpreta- 
tions are possible in terms of single genes in which intragenic recom- 
bination occurs (39). 

Secondly, there are now known a number of cases in which it appears 
that alleles of a single gene complement each other in heterozygotes 
in such a way that a/a’ functions normally or nearly so, whereas 
a/a and a’/a’ fail to carry out a function dependent on the A gene 
(34, 35, 36, 40). It is not easy to understand how such alleles can be 
modifications of a single functional unit, but again it should be 
pointed out that alternative interpretations have not been excluded. 
For example, it may turn out that what has been assumed to be a 
single chemical step may prove to be two steps catalyzed by separate 
enzymes dependent on closely linked genes. 

It is important to learn more about the reactions and enzymes 
involved in those situations that appear to involve complementary 
alleles of a single gene. Not only is such knowledge important for 
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an understanding of gene action in cases that appear to be exceptional, 
but it is highly desirable to know whether the complementarity test 
is valid for identifying functional units of heredity. It is currently 
a widely used and convenient criterion for allelism and will probably 
continue to be useful at least as a first approximation. 


TRANSMUTATION 


The above account assumes that the gene as a functional unit is 
identical with the gene as a unit of recombination. If crossing over 
occurs within as well as between genes, this assumption of course 
cannot be correct. Recently phenomena have been observed that have 
been interpreted as indicating intragenic crossing over. They can, 
however, also be interpreted in terms of a process that differs sig- 
nificantly from crossing over. 

If many mutants of a given gene, as defined in terms of position 
and function, are obtained through independent mutational events, it 
is found that reversions are obtained in a low frequency when two 
such mutant forms of the gene are carried in homologous chromosomes. 
Thus a-1/a-2 may give rise to the A allele with a frequency higher 
than that expected from reverse mutation. This result suggests that 
the two mutants a-J and a-2 represent modifications of the gene at 
different “sites” along its length and that crossing over can restore 
the normal form of the gene by recombining “good” ends. Using a 
linear model for a single gene, the postulated recombination would 
be of the following kind 

A-I a-2 / a-1 A-2 > A-I A-2 
where a-1 and a-2 now represent modifications at non-overlapping 
sites within a single linear gene. 

If the A-J A-2 condition were the result of conventional crossing 
over, the reciprocal a-1 a-2 would be expected to be produced by the 
same event that produces the normal form of the gene, A-] A-2. At 
the same time closely linked independent genes should show recom- 
binations of particular types. 

Tests made in situations of the following type 

B A-1 a-2c¢ / b a-l A-2C 
should give chromosomes carrying the normal forms of gene A that 
are always of the constitution 
B A-1] A-2 C 


[he reciprocal product b a-1 a-2 ¢ should be formed at the same time. 
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The simultaneous occurrence of such reciprocal products can be de- 
tected only if two or more products of meiosis are recovered. 

Only a few tests have been made in a way that would simultaneously 
detect recombination of linked markers and the reciprocal products of 
crossing over. 

Mary Mitchell (34, 35) has found that two mutants of a gene for 
pyridoxine synthesis in Neurospora show reversion in the p-l P-2/ 
P-1 p-2 condition but that reciprocal products are not necessarily found 
in a single set of products of meiosis. Furthermore, linked markers on 
opposite sides of the gene under study show recombination in only 
about half the reversions, and these are not always in the expected 
type. Thus from the heterozygote 

a P-1 p-2 b/A p-l P-2 B 
four products of a single meiotic process were obtained of the fol- 
lowing constitution: 
a P-1 p-2 b 
a P-1 p-2 b 
A P-] P-2B 
A p-1 P-2 B 

Mutation of p-1 P-2 to P-1 P-2 would explain the result except that 
controls homozygous for p-I P-2 indicate a very much lower frequency 
of such mutation. 

There are several other instances in which intragenic recombination 
may occur without close correlation with recombination for outside 
markers (16, 41, 44). In one of these, namely in Aspergillus, it has 
been demonstrated that reciprocal recombination products arise from 
what are almost certainly single recombinational events (41). In 
yeast, 3:1 segregations at several loci have been found under circum- 
stances that strongly suggest the phenomenon described above for 
Neurospora (34, 35). 

It has been suggested (34, 43) that a kind of miscopying during 
gene replication may account for results of this kind. One way of 
representing this is the following: 

—-—--—------- ae -1 -p-2 D 


a P-1 p-2 b _ — a P-1 p-2 b 





J ile---—-=-=+ — A P-1 P-2 B 


Arp-lP-2 Be) A p-1 P-2 B 
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This type of miscopying, in which a segment of one allele is copied 
twice and its partner is not copied at all, must be rare, if indeed this 
is the mechanism, it may well be limited to segments of only a few 
genes. This special type of recombination has been called gene con- 
version (29, 33, 41) but it is clearly not the same as the process postu- 
lated by Winkler to account for normal crossing over (53). Professor 
Horowitz (20) has suggested that a more appropriate term for it would 
be “transmutation.” 

Other explanations for transmutation have been offered. Conven- 
tional crossing over, with one of a pair of double crossovers occurring 
within a gene, has been suggested (41), but this does not account for 
the absence of reciprocal intragenic recombination products and re- 
quires that interference be strongly negative. H. K. Mitchell (33) has 
presented evidence that temperature shocks have quantitatively dif- 
ferent effects on crossing over and transmutation in Neurospora, 
another observation indicating that these processes are basically dif- 
ferent. He suggests that transmutation may result from the transfer 
of a functional group from one allele to another, but sees no necessity 
for assuming a linear arrangement of such groups. 

All of the above interpretations imply that mutants of a given gene 
may occur at different sites. None is inconsistent with the view that 
genes consist of segments of DNA, each containing perhaps several 
hundred to several thousand nucleotides—enough to specify the con- 
figuration of a protein or other macromolecule. 


TRANSMUTATION AND Crossinc OvER 


Whatever the mechanism of transmutation, its occurrence is some- 
how positively correlated with conventional crossing over. This is 
evident from the fact that when it occurs, crossing over between 
closely linked marker genes is higher than would otherwise be expected. 
It is reasonable to suppose that if the two processes are different, both 
depend on close association of homologous chromosomes in the region 
under study, and such proximity would be expected to favor their 
simultaneous occurrence (34, 35, 43). 

Several investigations of the relations of chromatids involved in 
double crossing over indicate that two-, three-, and four-strand cross- 
overs occur with the relative frequencies 1-2-1. In other words, the 
non-sister chromatids that take part in a crossover at one level a so 
at random with respect to those involved at a second level. For cross- 
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overs close together the data show an excess of two-strand doubles 
that is probably but not certainly statistically significant (51). If 
transmutation occurs in Drosophila, in which most of the data referred 
to were obtained, it is possible that this process could account for the 
observed excess doubles. The attached-X technique used in this 
organism involves recovery of two of the four products of a single 
meiotic process, but these are not sufficient in all cases to distinguish 
transmutation from conventional two-strand double crossing over. 


FINE STRUCTURE OF THE GENE 


Bacteriophage. 


Benzer (2, 3, 4) and Streisinger and Franklin (48) have shown that 
for two genes in bacteriophages (bacterial viruses, or simply phage), 
reversions can be obtained from “crosses” in which the parent phages 
carry mutants that are of different origins but involve a single func- 
tional unit. It is assumed that intragenic recombinations occur by the 
same mechanism by which recombination in general occurs in phages. 
This may well be so, but it does not follow that this is the same 
mechanism by which conventional crossing over occurs in higher forms. 
In phages, recombination is presumed to involve DNA polynucleotide 
chains either as double helices or possibly as single chains. Reciprocal 
products are not produced by a single recombinational event. In higher 
forms, on the other hand, chromosome threads large enough to be 
observed under a light microscope, i.e., many orders of magnitude 
larger, undergo crossing over by a process that does lead to the 
production of reciprocal products from a single event. 

The process by which recombination occurs in phages may be funda- 
mentally like the mechanism of miscopying proposed by M. Mitchell 
(34) and by Roman (43), and both processes may differ basically from 
conventional crossing over. If this were so, it would not be necessary 
to assume that the last-named process is ever intragenic. 


Salmonella. 

Zinder and Lederberg (56) have show that temperate phages may 
carry genic material from a donor to a recipient bacterial cell. Such 
a carried fragment of bacterial genetic material may be incorporated 
into the genetic mechanism of the recipient cell, a process called trans- 
duction. It is probably fundamentally similar to transformation in 
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pneumococci, but with the superficial difference that in one case naked 
bacterial DNA enters the recipient cell while in the other such DNA 
is carried by a phage particle and is injected into the recipient cell 
along with viral DNA. In the latter case the host survives if the phage 
DNA establishes itself in a lysogenic state in the recipient. 

In both transformation and transduction the segment of DNA that 
is transferred appears to be small relative to the total genetic material. 
It is perhaps only a few genes in length on the average. Insertion of 
the donated segment may occur by a method essentially like the mis- 
copying mechanism described above. 

Demeree and his coworkers (7, 8) have made use of transduction in 
Salmonella for a study of fine structure of the gene. This work will 
be presented later in the present Symposium (18) and will therefore 
be reviewed only briefly here. 

If a large series of independently occurring nutritional mutants 
requiring substance S for growth is established and classified as to 
what steps in the synthesis of S are blocked, it is in general found that 
those mutants that block a specific step are allelic genetically. Pre- 
sumably all involve modification of a single functional unit, and there- 
fore all interfere with the synthesis of a single enzyme. In some cases 
the genes necessary for successive steps in a chain of reactions are 
closely linked and may be arranged in the same order as are the steps 
in synthesis. Presumably proximity of such functionally related genes 
has a selective advantage (18). 

Allelism or non-allelism is determined by frequency of cross trans- 
duction. Non-allelic mutants show a high frequency while allelic ones 
show a lower frequency. Alleles can be divided into subclasses: homo- 
alleles, which show no cross transduction, and heteroalleles, which 
show a low frequency of cross transduction (terminology suggested by 
Roman, 43). ‘ 

Heteroalleles can be arranged in linear order by the use of com- 
binations in which transduction for three closely linked mutants is 
followed simultaneously. By this means it can be shown that a single 
functional unit—a gene—can be modified at many different levels and 
presumably in several ways. Some mutant alleles act like intragenic 
Inversions in that they fail to give transduction with several hetero- 
alleles but show back-mutation. Others appear to be deficiencies of 
gene segments in the sense that they fail to give cross tr 
for several heteroalleles and fail to give back-mutations. 





ansductions 
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Yeast. 

Roman (43) has obtained recurrent mutations of independent origin 
for a number of genes concerned with adenine synthesis in yeast. 
Heteroalleles are distinguished from homoalleles by the fact that rela- 
tively frequent reversions—assumed to result from intragenic recom- 
bination—are obtained from diploids in which heteroalleles are present, 
whereas such reversions—assumed to be mutations—are much rarer 
in the corresponding diploids in which homoalleles are present. 





As in Salmonella, many heteroalleles of a single gene have been 
found in yeast. 


GENES FOR TRYPTOPHAN SYNTHESIS IN NEUROSPORA 


As pointed out above, there is good evidence for the occurrence of 
heteroalleles in Neurospora (16, 44). Yanofsky and Bonner (54, 55) 
have made a special study of the alleles of a gene (td+) concerned in 
the synthesis of tryptophan synthetase. Of twenty-five independent 
occurrences of a mutant type in which tryptophan synthetase is inactive, 
all proved to be allelic. Heteroalleles are indicated by the fact that 
reversions are obtained in some combinations. 


All mutants lack tryptophan synthetase activity. In some a serologi- 
cally related substance is found—presumably an enzymatically inac- 
tive protein. This is found in small amounts in wild-type strains. 

Enzymatic activity may be restored to a mutant strain by a “sup- 
pressor” gene—a mutant gene at a separate locus. Suppressors are 
found to be specific to particular heteroalleles. Thus, Suppressor-2 
suppresses allele td-2 but not td-J, -3, -6, or -24. Suppressor-6, on the 
other hand, suppresses td-2 and -6 but not -J, -3, or -24. 

It seems possible that in a suppressible mutant a potentially active 
protein is modified in such a way that a normal metabolite acts as an 
inhibitor by combining with the protein at the site at which it is 
modified. If this inhibitor were not dissociable, it would be difficult 
to restore activity of the protein in vitro. In such a case a suppressor 
mutant might act by blocking the synthesis of the inhibitor. This 
hypothesis appears to be consistent with the fact that there may be 
several non-allelic suppressors of a given mutant allele and that 
suppressor genes are specific as regards alleles of the primary gene. 
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GENE FUNCTION 


On the template hypothesis of gene function, it would be expected 
that qualitatively different gene products would result from different 
alleles. If RNA is an intermediate between genic DNA and such 
macromolecules as proteins, mutational modifications in DNA would 
result in corresponding alterations in both RNA and protein. So far 
no satisfactory way has been found to look for modifications in RNA. 
But for proteins genically controlled alterations have been found in 
a number of cases. 

In man there are eleven qualitatively different forms of hemoglobin 
known (49). For each of the ten deviant proteins so far discovered, 
there is a corresponding mutant gene known. The mutant genes asso- 
ciated with 8 (sickle cell) hemoglobin and C hemoglobin appear to 
be alleles. The data are not sufficient to establish whether genes con- 
cerned with other hemoglobins are allelic to S and C, but so far as I 
know there are no facts that counter the assumption that all mutant 
genes associated with qualitative modifications of adult hemoglobin are 
alleles, as a simple form of the template hypothesis would predict. 


In many cases loss of enzyme activity is associated with mutant 
genes, but only in a few cases has it been established that such loss of 
activity results from qualitative alterations in enzyme protein rather 
than from its complete absence (21). 


Perhaps the most extensive study of such gene-controlled qualita- 
tive alteration in an enzyme is that reported by Horowitz and Fling 
(21, 22) for tyrosinase activity. Here the only difference so far dis- 
covered in the two enzymes associated with different alleles of a single 
gene are their thermostabilities and activation energies of thermal 
inactivation. 

Although the evidence available is limited, it is consistent with the 
template hypothesis of gene action (22). For more detailed studies of 
this kind what is needed is experimental material in which both the 


fine structures of a gene and its corresponding enzyme can be investi- 
gated in detail. 


In the case of tryptophan synthetase activity in Neurospora, 25 inde- 
pendently occurring mutants selected on the basis of a growth require- 
ment for tryptophan that could not be satisfied with indole were found 
to be allelic (55). In the large series of nutritional mutants of Sal- 
monella in the laboratory of Demerec (7, 18), it was found that in the 
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great majority of cases in which it could be determined, mutants that 
blocked a single chemical reaction were allelic. These are the results 
to be expected on the assumption that the activity of a gene is limited 
to the control of a single macromolecule—the so-called “one gene— 
one enzyme” hypothesis as formulated by Horowitz (21). It further 
suggests that in many cases the total specificity of an enzyme, of which 
substrate specificity is a part, is referable to a single gene. For a fuller 
discussion of the “one gene—one enzyme” hypothesis the reader is re- 
ferred to three papers in the recently held Henry Ford Hospital 
Symposium (21, 26, 55). 

The apparent complementarity of alleles of a single gene, such as 
suggested for the pyridoxine and pyrimidine genes in Neurospora (33, 
34, 35, 36), is not easy to understand. In these cases it appears that 
two mutant genes with non-overlapping defects are able to complement 
one another in function even though they are carried by separate 
nuclei in a heterocaryon. Clearly more needs to be learned about situ- 
ations of this kind, particularly the nature of the enzyme or enzymes 
associated with heteroalleles that complement each other in this way. 
As suggested earlier, it is possible that in these cases distinct genes 
rather than complementary alleles at a single locus are involved. 


RNA as GENETIC MATERIAL 


No configuration of RNA has yet been proposed that suggests a 
mechanism of replication like that postulated for DNA. Nevertheless, 
it is clear from the recent work on tobacco mosaic virus referred to 
above that RNA is capable of carrying primary genetic information 
in that virus. If the RNA of higher organisms is not regularly repli- 
cated in the absence of its DNA counterpart in the nucleus, how does 
the RNA of tobacco mosaic virus multiply in a tobacco plant host? 
Possibly it is capable of replication, in which case one would suppose 
it to differ in this important respect from the cytoplasmic RNA of 
higher plants and animals. A second possibility is that its information 
is transferred to DNA, made by the host cell under its influence, and 
that this DNA is then replicated. Following replication viral genetic 
information can be assumed to be transferred back to RNA, which 
serves to store it until the next round of infection. 
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DEFINING THE Gene Aas A LOCALIZED FUNCTIONAL UNIT 


A series of recent investigations, including those summarized at this 
Symposium by Benzer (4) and by Hartman (18), makes it increasingly 
clear that there are localized regions of the genetic material charac- 
terized by specific functions. Their positions relative to one another 
are determined by the methods of genetics. Their functions are studied 
by the methods of both genetics and chemistry. They quite clearly 
correspond to the units that geneticists have long called genes. That 
these units can be resolved into subunits capable of separate mutation 
and of reassociation by some mechanism of intragenic recombination 
seems an inadequate reason to discontinue calling them genes. 


In some respects the term gene in the above sense—a localized unit 
of genetic material with a specific function—is analogous to the term 
enzyme in chemistry. Biochemists have for many years found it useful 
to work with enzymes as physically discrete units with specific func- 
tions. This was so before their chemical nature was known and before 
any one of them was isolated in pure form. It remained so after it was 
discovered that some of them are made up of dissociable subunits. 
It has continued to be so in spite of evidence that some of the so-called 
insoluble enzymes are functional only when associated in a particular 
way with other enzymes. In much the same way the concept of func- 
tion is useful in defining the gene. In neither case does it provide the 
basis for a complete definition. In the case of the gene a final defini- 
tion will presumably await the working out of the complete chemical 
structure of the gene itself and its macromolecular products. 


In the meantime it is far more important that we make use of all 
possible methods of learning more about the nature of the genetic 
material than that attempts be made to answer with finality questions 
of terminology. Evolution of definitions will continue to take place, 
and it will remain important that terms be clearly defined in particular 
instances if confusion is to be avoided. 


SUMMARY 
For purposes of discussion and further investigation it seems useful 
to make the following assumptions: 
The primary genetic material in all living systems appears to be 
nucleic acid, deoxyribonucleic acid (DNA) in all cellular forms and 
some viruses, ribonucleic acid (RNA) in some plant and animal viruses 
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Genetic information consists in specific sequences of bases in DNA 
or RNA. 

The gene is defined as a localized unit of nucleic acid with a specific 
function, in higher forms closely associated with proteins. The func- 
tion is presumed to consist in the determination of the specificity of a 
nongenic macromolecule such as a protein. 

In phages (bacterial viruses) the genetic material appears to con- 
sist of one continuous Watson-Crick double helix of DNA built up of 
possibly 200,000 base pairs. 

The double helix of DNA of phage is presumed to be replicated by 
separation of complementary polynucleotide chains, each of which 
then serves as a template for the synthesis of partners. The details 
of the process are not yet understood. Presumably the mechanism by 
which DNA is replicated in higher forms is fundamentally the same 
as in phages. 

The DNA of a phage consists of many genes. 


Recombination of genetic material from DNA of different parental 
phages occurs by a process that gives only one genetic recombinant 
per event; that is, reciprocal recombination products are not formed 
simultaneously and by a single event. 

Intragenic recombination in phages occurs with a relatively high 
frequency, but there is no basis for beleving that intergenic recom- 
bination does not also occur. 

It is not known whether in phage successive genes are contiguous 
or are separated by “spacer” segments of DNA. By analogy with 
higher organisms it seems likely that adjacent functional units do not 
overlap, but this possibility cannot be entirely excluded by existing 
experimental evidence. 

In tobacco mosaic virus, RNA alone is capable of transmitting 
genetic information from one generation to another, but it is not known 
whether its RNA is replicated directly or indirectly via DNA, or 
possibly protein, as an intermediary. 

In cellular forms primary genetic information can be assumed to be 
carried by DNA intimately associated with protein in the chromosomes. 

In plants and animals in which conventional meiosis occurs, genetic 
recombination occurs by a process of crossing over. This occurs in 
the stage at which four strands of each chromosome are present, and 
single events involve two non-sister chromosome threads at random 
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It is at present tenable to assume that conventional crossing over 
is always intergenic. 

Gene mutation in all organisms is presumed to consist in alteration 
of nucleic acid structure through base substitution, inversion of inter- 
genic segments, duplication of intragenic segments of one or more bases, 
or deletion of bases. Intragenic mutations of the above kind may occur 
at many levels, called “sites,’’ within a single gene. Inversions or dele- 
tions are known to transcend the limits of a functional unit in higher 
organisms. They are then called chromosomal aberrations. 

In Neurospora, Aspergillus, and yeast, intragenic recombination 
occurs by a mechanism that can be interpreted as miscopying of small 
segments of genetic material. This process differs from conventional 
crossing over in that a single event does not result in reciprocal 
products and also by the fact that it does not necessarily lead to a 
recombination of genetic markers close to and on opposite sides of 
the genes within which it occurs. It is proposed that this be called 
“transmutation.” 

Transmutation and crossing over are assumed to be distinet proc- 
esses, positively correlated in occurrence because both depend on the 
proximity—or contaet—of homologous chromosomes. 


The mechanism by which intragenic crossing over occurs in the above 
organisms—and presumably also in higher forms such as Drosophila— 
may be the same as that by which recombinations arise in phage and 
by which donor cell DNA is incorporated into genetic material of the 
recipient cells during transformation and transduction in bacteria. 


Genes of cellular forms may function by a process in which genetic 
information is transferred from DNA to RNA segments, which then 
serve as templates for construction of macromolecules such as proteins. 


There are now several instances in which many mutants of inde- 
pendent origin, selected on the basis of their relation to a specific 
enzyme or a chemical reaction assumed to involve a single enzyme, are 
found to be allelic. Evidence of this kind suggests that many genes 
have as their function the transfer of specificity to an enzyme. In a 
number of instances it appears that the total specificity of an enzyme. 
of which substrate specificity is only a part, is derived from a single 
gene, 
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CHROMOSOME STRUCTURE 
Hans Ris 


Department of Zoology, University of Wisconsin, 


Madison, Wisconsin 


INTRODUCTION 


THE stupy of chromosome structure has been much hampered by the 
limitations of the optical microscope. As a result the interpretations 
of the microscopic images have been largely subjective, and the field 
has been plagued by speculative constructions which were set up to 
fill the gaps where direct analysis was impossible. The electron micro- 
scope has now moved the limits of direct visualization to the level of 
macromolecules, so opening the ways for a synthesis between mor- 
phology and chromosome chemistry. The purpose of this review is to 
look at some old problems of chromosome organization in the light of 
information gained by the new approach. 

The study of chromosome structure went through a series of distinct 
phases. In the first phase, the essential features of chromosomes were 
discovered and the main problems of their organization, which occupy 
us still today, were recognized. Thus Flemming called attention to the 
longitudinal splitting of chromosomes during mitosis. Van Beneden, 
Herla, and Bonnevie described a longitudinal split in anaphase chromo- 
somes which indicated that chromosomes contain more than one strand 
also in interphase. Pfitzner and Balbiani recognized the longitudinal 
differentiation of chromosomes into darker and more lightly staining 
segments. Baranetzky, Vejdovski, and Bonnevie discovered the helical 
strueture during mitosis, and emphasized the coiling cycle of the 
chromonema. Roux interpreted the longitudinal splitting to mean that 
essential and specific materials, hereditary determiners, were lined up 
into a chromosome thread so as to assure constant association and 
equal distribution during cell division, a concept that was established 
experimentally some decades later by Morgan and his collaborators. 
Miescher and Kossel laid the foundation for a chemical study of 
chromosomes with the discovery of nucleic acids, protamines, and 
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histones. Thus in the years from 1880 to 1920 the basie problems of 
chromosome organization were outlined: 

(1) How many strands are present in a chromosome and what is 
the nature of the elementary unit (chromonema, genonema) ? 

(2) What is the nature of the longitudinal differentiation along 
the chromosome (chromomeres, heterochromatin)? How are 
chromosome structure and chromosome chemistry related to 
the “reproductive” and “metabolic” aspects of the gene, to 
gene mutation and the crossing-over unit? 

(3) What is the significance and mechanism of the coiling cycle 
during mitosis and how is it related to chromosome chemistry 
and chromosome function? 

(4) What are the processes leading to the duplication of chromo- 
somes or its subunits? 

(For reviews of this period, see 38, 69, 75, 102.) 

The next phase was occupied mainly with a detailed analysis of 
the structure, coiling cycle, and reproduction of chromosomes at the 
level of the light microscope and with relating this structure to the 
mutant gene and crossing-over unit. (Cytogenetic analysis of the 
banding pattern in dipteran salivary chromosomes and the chromomere 
pattern of pachytene chromosomes. ) 

The analysis of structure led mainly to controversy and a wealth 
of contradictory and undigestable observations. The limitations of 
the available methods were either naively ignored, or when realized, 
the urge for an integrated picture led to excessive speculative construc- 
tion. The picture of the chromosome that became generally accepted 
in this phase is best represented by a diagram of Heitz (see Fig. 1). 
According to this model a mitotic chromosome consisted of two, or 
perhaps more, helically coiled chromonemata which were made of 
chromomeres (CH) of specific size and structure connected by inter- 
chromomeric fibers. This helical structure was surrounded by the 
kalymma or matrix (M). Heterochromatic regions (H) differed in 
the type of chromomeres they possessed and in characteristics of the 
matrix. Other specialized regions were recognized: the spindle attach- 
ment, kinetochore, or primary constriction (IX); secondary constric- 
tions (8.C.); and the nucleolar organizer. Some authors added a 
pellicle or membrane, others insisted on a single strand except in 
prophase. Perhaps the major achievement of this period in descriptive 
karyology was the analysis of the coiling cycle of chromosomes in 
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mitosis and meiosis. The metaphase chromosome was shown to be 
compact and condensed because of its helical structure. This helix 
originated in prophase and was unravelled again in telophase. Where 
the chromosome contained more than one strand, the bundle might be 
coiled so that the subunits were freely separable (paranemic coil, 
Fig. 2a) or they might be intertwined (plectonemic coil, Fig. 2b). 
However, it was rarely possible to decide between these alternatives 
by microscopic observation. 

The analysis of chromosome coiling was made possible through the 
introduction of certain pretreatments before fixation. These pretreat- 





Fic. 1. Diagram illustrating the concept of chromosome structure most gen- 
erally accepted in the past. CH, chromomere; H, heterochromatin ; Ke ere 
or primary constriction: M, matrix; 8.C., secondary constriction. (After Heitz, 


ref. 50.) 
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ments loosen up the helices and reveal the internal structure. These 
methods also disclosed a helical organization in the heterochromatin 
and suggested that morphologically these chromosome regions differ 
mainly in the degree of coiling from the euchromatic regions, which 


2a 


JAS 


Fic. 2. Diagram of paranemic (2a) and plectonemie (2b) coils of two strands. 
If drawn out the plectonemic coil turns into a relational coil (2b, right). 


in turn become largely unravelled during telophase. A number of 
investigators furthermore became convinced that even the small 
chromomeres of leptotene chromosomes were in reality gyres of the 
chromonema helix. The chromonema was thus the basic unit and the 
longitudinal differentiation was essentially due, it was thought, to 
specific regional patterns of coiling. 

The cytogenetic analysis, on the other hand, advanced rapidly 
despite these structural uncertainties, since at that level of analysis 
it made little difference what the finer structure of the specific chromo- 
somal regions turned out to be. (For reviews of these aspects of 
chromosome structure, see 02, 54, 78.) 

In the late 1930’s the study of chromosomes entered a third phase 
With increased interest in the chemical constituents of chromosomes. 
New cytochemical techniques, especially eytospectrophotometry and 
the chemical analysis of isolated nuclei and chromosomes, permitted 
the recognition of the major chemical components of chromosomes and 
their quantitative relationships. The use of isotopes opened a way to 
the examination of the metabolic role of chromosomal constituents. 
So far two generalizations stand out as major results of this phase: 
(1) The absolute amount of DNA (deoxyribonucleic acid) per chromo- 
some is remarkably constant from one cell to another within a species. 


In some groups of organisms variations between species may be large 
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(amphibians), in others surprisingly small (mammals). The DNA 
molecule is also relatively constant metabolically. Synthesis is re- 
stricted to chromosome duplication (endomitosis or mitosis), and 
turnover appears to be practically absent, at least in mammalian 
tissues. (2) The non-histone protein fraction and RNA (ribonucleic 
acid), on the other hand, vary considerably from cell to cell, not only 
for whole nuclei, but also in isolated chromosomes. In cells with 
metabolically active cytoplasm (liver, pancreas, kidney) the chromo- 
somes contain a good deal more of this fraction than in cells such as 
thymocytes or erythrocytes. In sperm nuclei this fraction may even 
be absent or at least undetectable with present methods (35). Both 
RNA and non-histone protein are very active metabolically. (For a 
review of these aspects of chromosomes, see reference 4.) 

The intensive research into the chemical and biochemical properties 
of chromosomes has now given information in regard to the building 
blocks of chromosomes and together with results from other fields, 
especially from virology and the transformation and_ transduction 
phenomena in bacteria, has indicated possible relationships of these 
compounds to gene action and to gene mutation. 

It now remained to relate the findings from the chemical analysis 
of chromosomes to the results of the cytological and cytogenetic 
studies. The aim of chromosome analysis is, of course, to integrate 
the chemical, biochemical, cytological, and genetic data into a unified 
picture of the chromosome as a functional unit, to understand chromo- 
some structure and function in terms of the properties of the molecules 
of which it is made. Before any meaningful synthesis can be attempted, 
however, it is necessary to have more information about chromosome 
organization at a level between that of classical cytology and the 
molecular building blocks. Recent theoretical discussions on genes and 
chromosomes have unfortunately largely ignored this gap in our 
knowledge of chromosomes. Thus much print has been wasted in 
speculations on the distribution of DNA or protein in chromomeres 
or bands and interbands of salivary chromosomes, in heterochromatin 
and euchromatin, or on the relation of the molecular structure of DNA 
to chromosome duplication, crossing over, gene mutation, ete. 

In the current and fourth phase of chromosome analysis this gap is 
being filled by the investigation of chromosome organization on the 
macromolecular level. The techniques of this phase are mainly polar- 
izing microscopy, x-ray analysis, and electron microscopy, in com- 
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bination with the methods of classical cytology and chemical analysis. 
Though this phase is only in its beginning, some information has 
already been gained which will have a profound effeet on our picture 
of chromosome organization and which extends that picture to the 
level where a preliminary integration of structural and chemical 
information becomes possible. 


Let us now look at the four basic problems of chromosome organiza- 
tion mentioned above and see what the recent analysis on the sub- 
microscopic level can contribute to their understanding. 


How Many Srranps ARE PRESENT IN A CHROMOSOME AND WHAT IS THE 
NATURE OF THE ELEMENTARY MorpHo.LoaicaL UNIT? 


It is generally accepted today that the chromosome is a multiple- 
stranded structure in all stages of the mitotic cycle (52, 63). This view 
is supported not only by direct microscopic evidence, but also indirectly 
by the results of certain experiments which can give information as 
to the subdivision of chromosomes. Thus chromosome breakage and 
recombination by chemicals (79) or by x-rays (55) reveal the sub- 
division of chromosomes below the chromatid level. The delayed effect 
of certain chemical mutagens (8, 109) is explained most satisfactorily 
if we assume a sorting out of subunits through successive mitoses until 
a recessive mutation that affected only one of the subunits is present 
in all strands of a chromosome. Similarly, the appearance of lethals 
in successive generations of Amoeba proteus after the incorporation of 
P*? into the chromosomes is best explained by postulating 16 strands 
per chromosome each of which can be affected independently by the 
decaying radiophosphorus (40a). There is, of course, no reason why 
the chromonema, which is defined as the unit strand visible in the 
light microscope, might not be further subdivided, as various authors 
in the past have pointed out. It is not the organization of the ehromo- 
some, but our prejudiced view of it which is determined by the limit 
of resolution of the light microscope. The electron microscope, with 
its aos resolving power, has now demonstrated that the “chromo- 
nema”’ of the light microscope is indeed further subdivided into strands 
of macromolecular dimensions. The preparation of chromosomes for 
electron microscopy presented at first some difficulties. Chromosomes 
are desperately small to the light microscopist. But in the electron 
microscope they made trouble by being too thick and dense, so that 
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when prepared according to the usual cytological techniques they at 
first failed to show any details. To overcome this difficulty some 
investigators turned to suspensions of chromosomes isolated mechani- 
cally from various vertebrate tissues. The dangers of this approach 
are obvious: it is impossible to eliminate completely non-chromosomal 
contamination either from the material itself or from the media in 
which it is suspended, and there is no assurance that a structure 
observed is chromosomal in origin, nor does one know how the isolation 
procedure has modified the chromosomes on the level observed by the 
electron microscope. It is absolutely essential to have observational 
continuity from the level of the light microscope to the new level of 
organization revealed by the electron microscope. In the following 
discussion I shall consider only work that has followed this basic rule. 

Yasuzumi, Odate, and Ota (116) were the first to show some reason- 
able detail in salivary chromosomes of Drosophila virilis by using a 
replica technique. The chromosome appears to be made of large num- 
bers of fibrils which run mainly parallel to the long axis of chromo- 
somes in the interband regions and are twisted and tightly packed 
together in the bands. The fibrils were reported to be about 500 A 
thick. With ultrasonic treatment the X-chromosome in salivary 
glands of Drosophila virilis split up into a large number of fibrils 
about 200 A thick (117). 

Tomlin and Callan (108) published micrographs of a lampbrush 
chromosome from Triturus. They found a long thin fiber about 200 A 
thick to which dense bodies (chromomeres) and structures resembling 
loops were attached. It is obvious from the photographs that the 
chromosome was greatly stretched and distorted during preparation. 
tis (87, 89, 90) studied lampbrush chromosomes from Triturus, 
Necturus, and Amphiuma, pachytene chromosomes from spermato- 
cytes of insects and plants, and leptotene chromosomes of Liliwm 
(Fig. 14). These prophase chromosomes were found to consist of a 
bundle of microfibrils about 500 A thick and more or less coiled. 
Guyénot and Danon (48) published micrographs of lampbrush chromo- 
somes from oocytes of Triton. Though the chromosomes appear greatly 
distorted, it is evident that the loops consist of microfibrils similar to 
those deseribed by Ris. Submicroscopic fibrils were demonstrated also 
in interphase nuclei of erythrocytes from Sebastodes which were broken 
hy osmotic shock. They appeared to be associated in bundles (118). 
Similar fibrils were seen by Ris (88, 89) in squashed interphase nuclei 
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from various animal and plant cells. These fibrils were about 200 to 
300 A thick. In the meantime Bernstein and Mazia (14, 14a) had 
isolated a nucleoprotein from sea-urchin sperm that consisted of fibers 
about 200-300 A thick. Ris (88, 89) suggested that a fibril of this 
thickness represents the basic morphological unit of chromosomes. 
In mitosis these fibrils are duplicated, the sister strands remaining 
closely associated during the mitotic stages. These sister pairs then 
correspond to the 500 A unit found in prophase chromosomes. The 
doubleness of this unit is visible in lampbrush chromosomes as well 
as in leptotene and pachytene chromosomes of plants and insects 
(89, 90; cf. Figs. 10, 14). Lafontaine and Ris (56) prepared stereo- 
scopic photographs of lampbrush chromosomes isolated from the oocyte 
nucleus and dried according to Anderson’s critical-point method. The 
three-dimensional structure of these chromosomes is well preserved in 
such preparations, which are especially favorable for the demonstra- 
tion of the coiled microfibrils in the loops (Fig. 35). 

To study chromosomes in the intact cell and for better resolution it 
was necessary to prepare ultrathin sections for electron microscopy. 

In the last few years techniques have become available which yield 
sections down to 200 A or less in thickness, and a wealth of interesting 
observations have been reported on the organization of the eytoplasm, 
but chromosomes and nuclei have generally failed to reveal any dis- 
cernible organization (cf. 26). It is obviously difficult to piece together 
a three-dimensional image from random sections about 250 A thick. 





Fig. 3. Electronmicrograph of a thin section through the head of a grasshopper 
sperm. Fixed in buffered osmium tetroxide (Palade). The arrows point to sections 
through chromosome fibrils which appear as double lines or circles. (Photo by 


C. M.S. Dass) 65,000 
Fic. 4. Electronmicrograph of a thin section through an oocyte nucleus of 
Neca | o » ~y ro 7 M . ‘ “4 : 

Triturus. Arrows point to sections of chromosome fibrils. 65,000 
Fic. 5. Electronmicrograph of a section through a nucleus of a rat pancrea- 


tie cell. Arrows point to chromosome fibrils, N, nucleolus; NM 


nuclear 
membrane. 


42,000 


Fic. 6. Electronmicrograph of a section through a pellet of tobacco mosaie virus 
(TMV) fixed in buffered osmium tetroxide. The pellet was obtained through the 
courtesy of Dr. G. Pound, Dept. of Plant Pathology, U. of Wis. The arrotwa. point 
to oblique sections through TMV particles. Note the similarity ; 


etio to sections of 
chromosome fibrils (the double lines and circles). 


65,000 < 


Fic. 7. Electronmicrograph of a section through a leptote 


f ne chromosome o 
Lilium longiflorum. : 


Arrows point to sections of chromosome fibrils. 65,000 
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Furthermore, in a section through the interphase nucleus it 1s not at 
once obvious what is nuclear sap and what chromosomal material. 
To overcome this difficulty Lafontaine and Ris (56) prepared sections 
through isolated lampbrush chromosomes that were free from cyto- 
plasm or nuclear sap. Since the structure of these chromosomes was 
already known from micrographs of whole chromosomes, 1t was pos- 
sible to interpret the appearance in sections. As expected, these show 
short segments of chromosome fibrils, appearing as “granules” or 
shorter and longer “rods” about 500 A thick. At higher magnifications 
these “rods” are seen to be double. Since the fibrils are helically coiled 
or at least much twisted and the sections are not much thicker than 
the fibrils themselves, only short pieces of the fibrils are present in a 
single section. Unless one knows the structure of the intact loop these 
are easily mistaken for granules, as for instance, in Gall’s interpreta- 
tion of loops. Chromomeres in sections showed a similar organization. 
This will be further discussed in the next part of this paper. 


Sections through intact oocyte nuclei can now be interpreted. They 
show the “granules” and “rodlets” of the same dimensions and com- 
parable electron density which correspond to sections through the 
microfibrils of loops and chromomeres. In addition a finely fibrous 
material, which is present between the chromosomes, probably repre- 
sents the nuclear sap (Fig. 4). The sections through chromosome 
fibrils have a very characteristic appearance. Not only in lampbrush 





Fic. 8. Tobacco mosaic virus protein from which the nucleic acid has been 
removed. Note the central hole, which in the intact virus is filled by the nucleic 
acid. (Photo by Williams, from Fraenkel-Conrat, 39.) 110,000 < 


Fias. 9, 11, 12. Electronmicrographs of sections through a somatic interphase 
nucleus from Lilium longiflorum (anther). Fixed in buffered osmium tetroxide: 
methacrylate removed with amyl acetate; shadowed with uranium. Note the sec- 
tions through the chromosome fibrils which are about 200 A wide and have a less 
electron-dense core. Cross sections through the fibrils (circles) are very similar in 
appearance to the TMV protein of Fig. 8. Arrows in Fig. 12 point to side views of 
sectioned fibrils, which appear solid, without any longitudinal split. (Cf. Figs. 3, 
4, 7, and text.) 90,000 


Fic. 10. Electronmicrograph of section through a late prophase chromosome 
from a microsporocyte of Lilium longiflorum. Note the pairs of 200 A fibrils 
(circles) corresponding to the units 500 A wide seen in whole chromosomes (Fig. 
14). End views of the fibrils again show the less electron-scattering core. It is 
assumed that these pairs of fibrils are the product of the latest duplication in the 
previous interphase. 42.000 
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chromosomes, but in interphase nuclei of Liliwm, Tradescantia, Alliu mM, 
in liver, pancreas (Fig. 5), and testis of the rat, in leptotene (Fig. 7), 
pachytene, and metaphase chromosomes of Tatum, and in grasshopper 
sperm (Fig. 3), they appear as parallel double lines and cireles. If the 
sections are shadowed with uranium after removal of the methacrylate, 
no split is visible in the 200 A fibrils, but they seem to have a less 
electron-scattering “core,” so that cross sections through the fibrils 
resemble doughnuts (Figs. 9, 11, 12). Since the contrast in micro- 
eraphs of osmium-fixed material depends largely on the distribution 
of bound osmium, we must conclude that the outer layer of the fibrils 
has bound more osmium than the “core,” either because the osmium 
did not penetrate, or because the “core” is chemically different and 
does not react with OsO, (90). 


Gay (44) has sectioned salivary chromosomes of Drosophila and 
found fibrils 200 to 500 A in thickness. Yasuzumi and Higashizawa 
(119) reported microfibrils 100-200 A thick in sections through carp 
erythrocyte nuclei. 


The electron-microscopic study of chromosomes thus leaves little 
doubt that the chromosome is subdivided into strands which are 
below the resolution of the light microscope. Furthermore, there is 
good evidence that a more or less coiled fibril about 200 A thick is a 
universal structural unit of chromosomes.? 


We must now turn to the question of how many such fibrils make 
up a chromosome. Exact numbers have not yet been determined. 
In the leptotene chromosome of Lilium longiflorum (Fig. 14) there 
seem to be about 8 subunits, in lampbrush chromosome loops of 
Necturus perhaps 16 (Fig. 34). Various observations suggest that the 
number varies not only between cells of an individual because of 
endomitosis (resulting in polytene chromosomes) but also in com- 
parable chromosomes of different Species. Variation in the number 
of subunits in chromosomes was suggested by Mirsky and Ris (73) 
to explain the great variations in DNA content of diploid nuelei in 
certain animal groups. Support for this view came from a comparison 


“Some authors have used the term “chromonema” or “chromofibril” for these 
submicroscopic units. I think “chromonema” should be retained for the strand 
visible in the light microscope and stainable with basie dves. “Chromofibril” is 
hybrid in origin and sounds awkward. I shall use here the phrase “elementary 
chromosome fibril” to indicate that it is considered to be the basic ; 


morphological 
unit of chromosomes. 
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of lampbrush chromosomes of various vertebrates (87, 89). There are 
great differences in the average thickness of loops in lampbrush 
chromosomes: in birds and fishes they are very thin; they increase in 
thickness from frog to Necturus and Amphiuma. The average size of 
the nuclei and the DNA content of the diploid nucleus increase in the 
same series (Figs. 17-20). If the structural unit in these chromosomes 
is the same and the coiling of the loops comparable, then we must 
assume a greater number of subunits in the thicker bundle. Similar 
size differences are found in chromosomes of mitotic or meiotic pro- 
phase of various species. We may expect to find few subunits in species 
with very tenuous chromosomes and low DNA content per nucleus, 
and more.in groups with large chromosomes and high DNA per nucleus. 
Schrader and Hughes-Schrader (94) have recently reached similar 
conclusions in a study of chromosome numbers and DNA content of 
chromosomes in the genus Thyanta. 

We must keep in mind, though, that variation in the number of 
strands is only one of several factors that can cause differences in the 
basic amount of DNA per nucleus from one species to another. 

A further problem of great interest is the organization of the ele- 
mentary chromosome fibril in terms of its molecular constituents. 
How are nucleic acids and proteins put together to form this fibril? 
A working hypothesis is suggested by the following considerations: 
Electron micrographs indicate that it is not further subdivided into 
finer strands (90; Figs. 9, 11, 12). The absence of any other persistent 
structure in chromosomes and the findings of Bernstein and Mazia 
(14, 14a) justify the assumption that the nucleic acids and proteins 
of chromosomes are located in the elementary chromosome fibril. The 
nucleoprotein which is best known structurally is the tobacco mosaic 
virus (TMV) particle, a rod about 3000 A long and 150-200 A thick. 
It appears that in this virus particle the RNA forms a “core” sur- 
rounded by a protein “shell” (39, 40, 49, 95). 

Superficially, at least, the appearance of the chromosome fibril in 
electron micrographs is remarkably similar to that of the TMV particle 
(compare Fig. 8 with Figs. 9, 11, 12). After fixation with osmium the 
chromosome fibril has a less dense “core” very much like the RNA 
core of the virus. According to Bahr (9), OsOy reacts with proteins 
but not with nucleic acids. This would explain why, after OsO, fixa- 
tion, the chromosome fibril is more electron-scattering on the surface 
than in the interior, if we assume that it is built like the TMV rods. 
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After fixation in formalin or ethanol the fibrils of lampbrush chromo- 
some loops do not show this differentiation into a core and an outer 
shell (Fig. 35). If the DNA is removed enzymatically, there 1s no 
change in the morphological appearance of the fibril (90, 116). This 
would be expected if the nucleic acid was in the “core” of the fibril. 
Sections through TMV particles after osmium fixation look like sec- 
tions through chromosome fibrils (compare Fig. 6 with Figs. 3, 4, 7; 
unpublished observations).2_ No doubt this hypothesis will be tested 
by a direct analysis of isolated chromosome fibrils with methods 
similar to those used on TMV particles. 


WHAT IS THE NATURE OF THE LONGITUDINAL DIFFERENTIATION ALONG 
THE CHROMOSOME (CHROMOMERE, HETEROCHROMATIN)? How ARE 
CHROMOSOME STRUCTURE AND CHROMOSOME CHEMISTRY RELATED TO 
THE “REPRODUCTIVE” AND “METABOLIC” ASPECTS OF THE GENE, TO 
GENE MvtTATION, AND TO CROSSING-OVER UNITS? 


Genetic analysis has shown that the chromosome is differentiated 
along its length into specific regions which have characteristic develop- 
mental effects on cell and organism. It is still undecided whether these 
differences are due to relative position on a continuous structure (con- 
sidering the chromosome fibril as a giant molecule) or whether genes 
are discrete and separate units with distinct borders (46, 77). Another 
question still debated is whether genes are separated by ‘“non-genic” 
substance or border on each other. 

The microscopic study of chromosomes had early revealed a mor- 
phological discontinuity along the chromosome in the form of thinner 
and thicker, lightly and more darkly staining, regions. The small 
basophilic granules, visible mainly in early prophase, are known as 
“chromomeres.” The larger segments of chromosomes which remain 
contracted and deeply staining are differentiated as “heterochromatin” 
from the more diffuse and lightly staining “euchromatin.” In the 
course of cytogenetic analysis this morphological discontinuity became 
identified with the genetie differentiation, most radically by Belling 
(13), who considered chromomeres to be physical counterparts of 
genes, hooked together by non-genie fibrils. The association of genetic 
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properties with the banding pattern of salivary gland chromosomes 
in Drosophila was often taken as proof for the identity of gene with 
band or chromomere. Now both genetic differentiation and morpho- 
logical discontinuity must be expressions of some basic chemical and 
structural difference along the length of the chromosome, but there is 
no convincing evidence that genes correspond to either chromomeres 
or interchromomeres—nor to bands or interbands. The observation of 
MeClintock (66), for instance, that deficiencies of interchromomeric 
regions have definite genetic effects supports the contention that a 
simple identification of genes with chromomeres or bands is much too 
naive. Before the significance of the morphological discontinuity can 
be appreciated we must have a better understanding of the structural 
and chemical differences between these chromosomal regions. Observa- 
tions with the hght microscope produced two opposing views: accord- 
ing to one the chromomeres (bands) and heterochromatin are radically 
different in organization from interchromomeric (interband) or euchro- 
matic regions. The other view asserts that the chromonema is the 
structural unit in both and that differentiation is produced by a specific 
pattern of coiling. 


Chromomeres. 

It is widely accepted today that leptotene chromosomes are com- 
pletely unravelled and display most clearly the real, ultimate chromo- 
meres. Yet an increasing number of cytologists, working with rela- 
tively large chromosomes, have reached the conclusion that these 
ultimate chromomeres are really gyres of the new coil which appears 
at about this stage (25, 58, 59, 61, 63, 80, 85, 103, 106; cf. Fig. 15). 
They find that the chromonema in leptotene is rather uniform for 
considerable lengths, with no evidence of chromomeres (Fig. 13, 
arrows). Electron micrographs of leptotene chromosomes now fully 
support this view. In Fig. 14 we see a leptotene chromosome from 
Lilium longiflorum. It consists of several, possibly 8, strands which 
run longitudinally in the interchromomere regions and appear folded 
back and forth in the chromomeres. Though it is difficult to follow 
the fibrils here, it looks as if the bundle as a whole formed one or a 
few closely packed turns of a coil in these regions (CH in Fig. 14). 
Chromomeres appear to contain the same fibrils as interchromomeric 
segments and morphologically therefore differ mainly in the way these 


are arranged. 
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A discussion of chromomeres leads naturally to the specific banding 
pattern of salivary gland chromosomes. There are two main problems 
involved here: (1) What causes the great increase In width of these 
chromosomes? (2) What is the origin and structure of the bands and 
interbands? The evidence is conclusive today that these chromosomes 
are polytene, i.e., that they are made up of a very large number of 
strands which originate through endomitotic duplication without any 
separation of daughter chromosomes. X-radiation (98) and chemicals 
(15) applied to chromosomes at early stages produce partial breaks 
which become visible in chromosomes of later stages. In certain regions 
the chromosome may split up into numerous subunits (10, 11, 68). 
By micromanipulation it can be split up into many strands (27). The 
DNA content suggests that about 1000 times more strands are present 
in salivary gland chromosomes than in ordinary somatic chromosomes 
(53). Finally, in the electron microscope the polytene nature is directly 
visible (44, 116, 117, 120). The unit is a fibril 200-500 A thick. Gay 
(44) has estimated that in mature chromosomes of Drosophila melano- 
gaster there are 1000 to 2000 of these fibrils. 

The nature of the crossbands presents a more difficult problem. 
According to the chromomere hypothesis, they are formed by a lateral 
association of the specific chromomeres on the chromonemata. Ris 
and Crouse (91), on the other hand, have suggested that the bands 
are the result of a specific coiling pattern formed by a bundle of 
chromonemata. In median-aged Sciara larvae chromonemata were 
visible which could be followed while twisting through the band and 
into the next interband. Pretreatment of salivary gland chromosomes 
with KCN, which is known to uncoil chromosomes, causes the bands 





Fic. 13. Leptotene chromosomes of Lilium longiflorum. Feulgen-squash. The 
chromonema is Feulgen-positive along its entire length and of uniform thickness 
for considerable lengths (arrows). Compare region marked x with Fig. 14. 2500 X 


Fic. 14. Electronmicrograph of part of a leptotene chromosome of Lilium 
longiflorum fixed in 10% formalin. Feulgen-squash transferred to formvar film. 
shadowed with uranium. Arrows point to 500 A fibrils that are visibly split (ef. 
Fig. 10). Chromomeres (CH) are places where the bundle of microfibrils is packed 
more tightly, possibly in one or two turns of a helical coil. 22,000 < 


Fic. 15. Leptotene chromosome of the grasshopper Chortophaga. 


Arrows point 
to gyres of the new helix which appear as chromomeres, 


2700 < 
Kia. 16. Metaphase chromosome of Trad scantia, 


a : pretreated for 2 min. with 
002 M KCN; aceto-carmine squash. 


Major and minor coils (arrow) are visible. 


2700 X 


HANS RIS 39 
ci2 ie a fa - 
: eS: ie ee 








\ 





40 THE CHEMICAL BASIS OF HEREDITY 








*% 





* % 


sts 


i Nas 


Fics. 17-20. Sections through oocyte nuclei of the cat-fish Ameiurus Crores 17). 


: 


the frog Rana pipiens (Fig. 18), the mud-puppy Necturus (Fig. 19) and the Congo 


eel Amphiuma (Fig. 20), to show lampbrush chromosomes. The numbers refer to 
the DNA content of diploid (erythrocyte) nuclei (times 10—9 mg.). The black out- 


lines indicate the relative sizes of erythrocyte nuclei in the respective species. 


Correlated with the increasing DNA content is increasing nuclear volume in com- 


parable cells and increase in width of lampbrush loops (chromatids), It 
gested that this is related to an increased number of elementary 
fibrils per chromatid. 


is sug- 
chromos« yme 
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Fics. 21-22. Salivary gland chromosomes of Drosophila melanogaster without 
and with pretreatment (0.002 M@ KCN). Aceto-orcein squash. After pretreatment 
with the uncoiling agent the banded structure disappears. Instead we find an 


irregular mass of twisted chromonemata. 1800 X 
Fics. 23-24. Salivary gland chromosome of Sciara, pretreated with sodium 
bicarbonate (uncoiling agent) for 2 min. Arrows point to regions where coiled 


chromonemata twisting from band to band are visible. 2500 

Fic. 25. Salivary gland chromosome of Sciara, squashed in Ringer’s solution 
before fixation with aceto-orcein. The greatly extended chromosome has lost its 
banded structure and has turned into a bundle of straight fibers. 1300 
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to disappear and to be replaced by a mass of twisted fibers (Figs. 21, 
22). Fig. 23 shows a treated chromosome at higher magnification. 
The arrows point to regions where the chromonemata are visible. If a 
polytene chromosome is stretched before fixing by squashing it between 
slide and coverslip, the bands disappear and the chromosome is trans- 
formed into a bundle of parallel chromonemata (Fig. 25). 

The studies of Bauer and Beermann (10) on chironomids, on the 
other hand, have convincingly demonstrated that in the large chromo- 
somes of older larvae the bands cannot be due to a coiling pattern of 
the kind suggested by Ris and Crouse (91). In the Balbiani rings the 








Fia. 26. Salivary gl: ‘hr S } 
ook . | aliv ary gland chromosome of Acricotopus lucidus (a chironomid). In 
; , aut eolar region the chromosome splits into many thinner subunits which still 
show the banding. After Mechelke (68. Fig. 27 
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chromosome splits into progressively thinner strands which retain the 
banding pattern (Fig. 26). Yet Figs. 23 and 25 are difficult to under- 
stand if we believe that the chromonemata are stretched out and run 
parallel to the chromosome axis. Perhaps the two views can be recon- 
ciled if in early stages of development the chromonemata form rela- 
tively wide gyres in the bands, but later straighten out. The region in 
the bands might then look rather like the “chromomeres” in lily 
leptotene (Fig. 14, CH; compare this with Fig. 2, ref. 116). In this 
way smaller ‘‘chromomeres” previously hidden in the gyres would 
become visible and become oriented into bands. This could also explain 
the observed increase in the number of bands during the growth in 
length and width of these chromosomes. It seems that the structure of 
the bands cannot be resolved with the light microscope. We have seen 
earler that the structural unit of chromosomes is a submicroscopic 
fibril. It is thus not surprising that the analysis with the light micro- 
scope has led to conflicting views and has not been able to give satis- 
factory answers to these structural problems. Electron microscopy has 
now supplied information which can provide at least a partial solution. 
Micrographs of whole chromosomes (44, 116, 120) show that the bands 
consist of microfibrils like those found in interbands, but are greatly 
twisted and closely packed together. In sections through bands of 
Chironomus chromosomes Beermann and Bahr (12) also found “closely 
packed thread-like elements.” The exact three-dimensional arrange- 
ment of the fibrils in the bands remains to be worked out. 

Schmitt (93) has approached the problem from a different angle. 
He has tried to explain the banding of salivary chromosomes on the 
basis of his experience with collagen. The periodicity in collagen is of 
the order of a few hundred Angstrom units. The bands in salivary 
gland chromosomes, on the other hand, may be microns apart. On a 
submicroscopic level, the fibrils visible in the electron microscope do 
not show any cross striations. It is therefore unlikely that the organi- 
zation of collagen has any bearing on the structure of polytene 
chromosomes or of any other chromosome. 


Heterochromatin. 

Heitz (50) defined as “heterochromatin” chromosome regions that 
remain condensed and darkly staining (heteropyenotic) throughout 
interphase. White (112) added the concept of negative heteropyenosis 
for chromosome regions that are lightly staining and less contracted 
during metaphase. The same region may be positively heteropycnotic 
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at one time and negatively at another. The expression of hetero- 
pyenosis is often influenced by internal or external factors. In the 
X-chromosome of insects it may be expressed only in certain cells of 
the testis. Negative heteropyenosis of specific chromosome segments 
is produced by cold treatment (19, 28, 115). Heterochromatin usually 
refers to chromosome segments that are persistently heteropycnotic 
under any condition. But the degree of heteropycnosis may be quite 
variable even in these segments (36, 51, 59, 60, 99). What is the 
structural basis for this heteropyenosis? How does heterochromatin 
differ from euchromatin in organization? Analysis with the light micro- 
scope has indicated that one difference is the degree of spiralization 
of the chromonema. Heteropyecnosis is characterized by differences 
in the relative width of the gyres, in the degree of packing, or by the 
presence of a double helix (51, 59, 99, 113, 115). Even in uniformly 
dense regions in prophase or interphase the coiled chromonema can 
be made visible by uncoiling agents such as dilute KCN (22, 23, 24, 
61, 74, 85, 97). Figs. 27 and 28 show the chromocenters in a nucleus 
from Amphiuma spleen with and without pretreatment. The chromo- 
nema is certainly continuous from the euchromatin to the hetero- 
chromatin, and we have to determine now whether on a submicro- 





27 


oe Re oy ees 
J IGS. 27-28. Nucleus from spleen of Amphiwma; aceto-orcein preparation. 
Che nucleus shown in Fig. 28 was pretreated with 0.002 1 KCN for 2 min. The 


heterochromatin (chromocenters) visible in Fig. 27 has thus been unravelled into 
a mass of twisted threads. 1800 X 
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scopic level it is organized differently in heterochromatin than in 
euchromatin. Electron micrographs of thin sections through the 
heterochromatin in lampbrush chromosomes (‘“chromomeres”) and 
chromocenters of interphase nuclei reveal the same microfibrils that 
are found in euchromatic sections (Ris, unpub.). As far as structure 
is concerned, heterochromatin seems to contain the same basic unit 
as euchromatin, a fibril 200 A wide, but it differs in the degree of 
packing either in the form of a system of coils or perhaps in a less 
regular fashion. It is probable that these fibrils are continuous 
throughout the chromosome, just as the unit on the level of the optical 
microscope, the chromatid or half chromatid is continuous. Direct 
evidence for this, however, is not yet available. 

The information as to chemical differences between heterochromatin 
and euchromatin is still inconclusive. Cytochemical studies on strue- 
tures of this size are extremely difficult. Since they are based ultimately 
on optical methods, the structure of the regions which are compared 
must be known before one can draw conclusions on chemical composi- 
tion. The literature abounds with statements that chromomeres, bands, 
and heterochromatin are rich in nucleic acid, while interchromomeric 
regions, interbands or euchromatin are said to have little or no nucleic 
acid! Were we to remove the nucleic acid from these structures, we 
would find the same density distribution as before, and a protein stain 
would reveal that chromomeres or bands are richer in proteins than 
are interbands (67). In other words, such statements are absolutely 
meaningless until we know the structural organization of the regions 
involved and have more specific and sensitive cytochemical methods 
to study the relative composition of the parts in terms of DNA, RNA, 
and various types of protein. Equally empty are the often-used terms 
“nucleic acid charge,” “nucleination,” and “chromatization,” since they 
were never based on actual chemical analysis. 


Matrix. 

Another element that is supposed to differentiate euchromatin from 
heterochromatin is the so-called matrix (see Fig. 1, M). This concept 
is difficult to define because various authors have used it in many 
different ways (ef. 50, 52). Generally it describes some non-genic 
chromosome material that accumulates around the chromosome thread, 
mainly during mitosis. It is said to be “achromatic,” that is, free of 
nucleic acid; or “chromatic,” and consisting mainly of DNA. It is 
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supposed to surround the chromonema helix, or to be part of the 
helix itself, and accumulating specifically on chromomeres or hetero- 
chromatin (cf. 96). We do not have to consider the chemical inter- 
pretations here, since they are purely fictitious. We must however 
take a look at some morphological observations that seem to support 
the interpretation given in Fig. 1. In preparations of meiotic prophase 
one often finds the situation shown in Fig. 29. It represents micro- 





Fias. 29-31. Smear of microsporocytes from Trillaum sp. Fixation, LaCour 
2BD. Staining: Figs. 29 and 31, Feulgen and fast green; Fig. 30: Millon reaction 
for protein. Note that the so-called matrix (M) is negative for protein (arrows, 
Tig. 30). It corresponds to a shrinkage space produced when the chromosomes 
shrink before fixation due to mechanical injury during the smearing (Fig. 29). In 
Fig. 31 the chromosomes have been fixed in the original extended state. 1800 


sporocytes from Trillium smeared and then fixed in an osmium fixative 
and stained with Feulgen and fast green. I have made some eyto- 
chemical tests on such preparations (obtained from C. L. Huskins) 
and found that the so-called matrix is negative for nucleic acids, 
proteins (Fig. 30), carbohydrates, and lipids; in other words, nothing 
is there except mounting medium. It is a shrinkage space and Fig. 30 
explains how it was produced. According to Ris and Mirsky (92), 
chromosomes shrink when a cell is mechanically injured, or fixed in 
an acid fixative. Osmium fixatives preserve the chromosome in its 
extended state. In preparing a smear of microsporocytes some cells 
are injured, and the chromosomes shrink and are preserved as seen 
in Fig. 29. In other cells the chromosomes are fixed in the extended 
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state, as shown in Fig. 31, filling the entire space which was occupied 
in the chromosomes of Fig. 29 by “chromonema” and “matrix.” We 
have to conclude that the most suggestive evidence for a matrix was 
based on an artifact. Electron micrographs of sections through chromo- 
somes never show any evidence for either a matrix or a membrane 
around the chromosome. 


Particulate Organization of the Chromosome Fibril. 


Mazia (65) and Ambrose (5, 6, 7) have independently produced 
evidence that the chromosome fibril might be formed by an end-to-end 
aggregation of rod-like particles. Bernstein and Mazia (14, 14a) pre- 
pared a native nucleoprotein from sea-urchin sperm which forms rods 
about 4000 A long and 200 A wide. It contains DNA, basic protein, 
and non-histone protein in similar proportions to those found in iso- 
lated whole chromosomes. The free particles appear under conditions 
that remove calcium and magnesium from the chromosomes. Mazia 
(65), therefore, concluded that bridges of divalent cations (Ca++, 
Mg++) link the particles together. Ambrose treated salivary gland 
chromosomes with agents known to break hydrogen bonds (phenol, 
urethane, or urea) and found that they dissolve the chromosomes. 
He postulated that the submicroscopic fibrils of chromosomes consist 
of rods linked end to end by hydrogen bonds. Ambrose, however, has 
not seen the macromolecular units or demonstrated that units of 
regular dimensions are actually produced by his treatment. Such evi- 
dence is limited so far to the nucleoprotein from sea-urchin sperm. 


The presence of low-energy bonds linking segments of chromosomes 
is of special interest in regard to chromosome breakage, rearrange- 
ment, and crossing-over. Steffensen (100, 101) observed that spon- 
taneous chromosome breakage was greatly increased in frequency by 
growing plants in media deficient for Mg++ or Catt. Such plants 
were also much more sensitive to x-rays than those grown under normal 
conditions. Levine (57) fed Drosophila larvae with excess caleium and 
reported a decrease in crossing-over. The feeding of a chelating agent 
(ethylenediamine tetraacetic acid) on the other hand increased 
crossing-over in the early egg-laying period. Feeding to the adult 
had no effect. Without a direct analysis of the calcium content of 
chromosomes, however, such experiments hardly prove a direct rela- 
tion of Ca-links and crossing-over. Eversole and Tatum (33), working 
with Chlamydomonas, determined the intracellular concentrations of 
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Ca++ and Mg++ after treatment with ethylenediamine tetraacetic acid 
and MnCl, and compared them with the observed crossing-over fre- 
quency. Lowering of the Ca++ and Mg++ levels in these cells in- 
creased crossing-over considerably and treatment with Cat+t and 
Mg++ reversed that effect. It remains to be explained, however, how 
the breaking of links at 400 millimicron intervals in a multistranded 
bundle can produce the exactness of breakage and recombination that 
we must assume occurs in crossing-over. 


Structural and Chemical Variations in Relation 
to Chromosome Function. 

Physiological and biochemical studies of the cell nucleus strongly 
suggest that it plays an active role in the metabolism of the cell (3, 4, 
64). RNA and non-histone protein are especially active metabolically, 
and their absolute amounts in chromosomes vary directly in relation 
to cell activity. There is convincing evidence that RNA as such, or 
perhaps as nucleoprotein, is transferred from the nucleus to the cyto- 
plasm (47). Electron-microscopic studies suggest activity on the 
nuclear-cytoplasmic boundary and perhaps even transfer of particu- 
late material (48, 105, 111). Is there any morphological expression 
of chromosomal activity? For some years now cytologists have known 
two types of chromosomes that are especially favorable for the study 
of this problem: the giant chromosomes in the oocytes of many verte- 
brates (lampbrush chromosomes), and the polytene chromosomes in 
dipteran larvae. 


Lampbrush Chromosomes. 


The chromosomes of many oocytes undergo a tremendous growth 
during the diplotene stage of meiotic prophase. They assume a char- 
acteristic brush-like apppearance that suggests a central axis with a 
series of smaller and larger granules of irregular, but rather specific 
shape (“chromomeres,” heterochromatin) and sideloops (Fig. 33). The 
structure of these chromosomes has been much debated (see ref. 1). 
In 1945 I proposed that the loops were part of the continuous chromo- 
nema and not lateral secretions of the chromomeres, as was then gen- 
erally believed (31, 32, 41,48). While I first thought that the “chromo- 
meres” were points of overlap of the chromonemata, I have since 
become convinced that they represent heterochromatic regions in 
which the chromonemata are tightly coiled (Fig. 33). I thus agree 
In essence with Alfert (1), who has also accepted the chromonemal 
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Fic. 32. Lampbrush chromosome of Necturus, isolated in sucrose, fixed in 
osmium tetroxide, and stained with iron-hematoxylin. Note the apparent central 
axis with the heterochromatic regions of various size and shape (chromomeres). 
The loops often proceed from one such region to the next, bridging a gap 
(arrow). The helix on the loops is visible at c. 1200 X 

Fic. 33. Section through oocyte nucleus of Amphiuma, showing lampbrush 
chromosome (iron-hematoxylin stain). Note series of heterochromatic regions (H) 
to which often small nucleoli (N) are attached. The bases of the faintly staining 
loops (L) are visible where they come out of the heterochromatin. 2500 
nature of loops. In Fig. 32, for instance, we can see clearly how the 
loop bridges a gap from one heterochromatic region to the next, but 
does not return to the point of origin. Both Callan (20) and Gall (42), 
who for years had opposed this view of the origin of loops, have now 
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Fic. 34. Part of a loop from a lampbrush chromosome of Necturus (electron 
micrograph, uranium-shadowed). A few microfibrils have been accidentally pulled 
out of the bundle and are thus more distinctly visible. They are 500 A thick (two 
parallel lines) and show a helical structure (arrows). L indicates the width of the 
loop (chromatid). The zig-zag of the bundle of fibrils corresponds to the flattened 
coil of the loop (ef. Fig. 32, ¢ and Fig. 35, arrows). 34,000 < 


Fig. 35. Loops from a lampbrush chromosome of Triturus. This chromosome 
was isolated in 30% sucrose, washed in distilled water, and fixed in ethanol. It was 
then dried according to Anderson’s critical-point method. Note the coiling of the 
bundle and the individual 500 A fibrils (arrows). (Photo by J. Lafontaine.) 


22,000 X 


ia. 36. Various degrees of “puffing” by a specific band of a salivary chromosome 


in Chironomus. After Beermann ( 11, Fig. 30) 
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changed their conviction and agree that the chromonema is continuous 
through the heterochromatin (chromomeres), where it is coiled up, and 
into the loops. They believe, however, that this chromonema, which 
corresponds to a chromatid, since there appear to be two looped 
threads per chromosome, is a single submicroscopic fiber surrounded 
by granular material. The electron-microscopic studies of Ris (87, 88, 
89) and Lafontaine and Ris (56), on the other hand, have demon- 
strated that the loops are bundles of submicroscopic fibrils. The 
bundle forms a helical coil (Fig. 35, arrows). The fibrils are 500 A 
wide and consist of two subunits, each 200 A thick. Stereoscopic 
micrographs prepared by Lafontaine and Ris (56) show this organ- 
ization of loops especially clearly. In view of the similarity in struc- 
ture of loops and more usual chromosomes such as the leptotene 
chromosomes of Lilium, there can no longer be any doubt that the 
loops are part of the chromonema. Especially significant is the 
presence of the 500 A double fibrils which are typical of prophase 
chromosomes. Thin sections through the heterochromatin (chromo- 
meres) indicate that they contain the same kind of fibrils, but more 
closely packed. Chemically, the loops differ markedly from the hetero- 
chromatic regions which are the only Feulgen-positive parts of these 
chromosomes. The loops seem to contain mainly RNA and protein 
(41). Furthermore, the loops are dissolved under conditions which 
leave the heterochromatin intact (32, 41). Treatment with ethylene- 
diamine tetraacetic acid disperses the loops within a few seconds, while 
the heterochromatin is not affected by a short treatment. In the 
electron microscope we see in place of the loops an irregular mass of 
tangled fibrils 200 A thick (unpub. observations). Prolonged washing 
in a large volume of ice-cold water causes the loops to break up. 
In electron micrographs the loops often look like a frayed rope with 
some of the strands broken. Pieces of microfibrils several thousand 
Angstrom units long are scattered’ over the formvar film next to the 
loops (Lafontaine and Ris, unpub.). These observations would seem 
to support the view of Mazia and suggest that the loops, which are 
predominantly ribonucleoprotein, are also built of macromolecular 
particles linked end to end. 


Puffs and Balbiani Rings in Polytene Chromosomes. 


Beermann (11), Mechelke (68), and Breuer and Pavan (18) have 
recently described some remarkable structural changes in certain 
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bands. Briefly, the essential points are these: at a definite stage in the 
development of the larvae specific bands on the polytene chromosomes 
greatly enlarge into structures known as “puffs,” “bulbs,” or “Balbiani 
rings” (Fig. 36). While this goes on in one type of cell the same 
band remains unchanged in others. A different band may show this 
puffing at another stage in development and in other cell types. The 





After Beermann (11). 


Fic. 37. Diagram of structure in “puffs” and Balbiani rings. 
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puffs seem to be produced by a separation of the chromosome strands, 
which increase greatly in length and form lampbrush-like loops pro- 
truding laterally from the chromosome (Fig. 37). According to Breuer 
and Pavan (18), the puffing is associated with accumulation of 
basophilic but Feulgen-negative material.* Electron micrographs ot 
thin sections through Balbiani rings (12) reveal twisting spongy 
threads about 250 millimicrons wide. At higher magnifications these 
show “spherical bodies” 250 A thick surrounded by twisted fibrils 
about 100 A wide. The ‘spherical bodies” look remarkably like sec- 
tions through chromosome fibrils of other cells (Figs. 3, 4, 5, 7) with 
the same double lines and circles. Most likely, therefore, they repre- 
sent sections through the elementary fibrils which in turn make up 
the bundle 250 millimicrons thick. 

In lampbrush chromosomes and in the puffs of polytene chromo- 
somes the chromonema seems to increase considerably in length. 
Beermann and Bahr (12) estimated that in puffs originating from a 
single band this must amount to at least five times their original length 
in the band and to about fifty times if compared with the same region 
of the pachytene chromosome. These very much elongated segments of 
the chromosome fibrils still correspond to one gene locus (cf. 91). 
If the rule of DNA constancy is correct and the histone here too is 
proportional to DNA (17), the increase in the length of the chromo- 
nemata must be caused by the addition of non-histone protein and 
RNA. The available information seems to indicate indeed that lamp- 
brush loops and puffs are mainly protein and RNA. Morphologically 
they consist of typical chromosome fibrils. On the basis of our 
hypothesis of the internal structure of these fibrils, as discussed above, 
we might assume that in lampbrush loops and puffs the fibril has a 
core of RNA. If the fibrils are particulate, as Mazia has suggested, 
these units would have much in common with TMV particles. The 
relative concentration of RNA is‘also similar. In TMV it is about 
6 per cent. The RNA associated with the non-histone protein in 
chromosomes varies from 7 to 14 per cent (70). This value may be 
too high, since some protein is probably lost during preparation. 

Variations in the RNA-protein fraction of chromosomes in relation 
to nuclear activity have been observed in many cells (72), but nowhere 


The impression of Breuer and Pavan that there is an increase in absolute 
amount of DNA in the puffing band has to be substantiated by cytochemical 
determinations. ta 
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do they reach such extremes as in lampbrush chromosomes and _ puffs. 
In these chromosomes we can, therefore, correlate the chemical with 
visible morphological changes. The physical basis for the chemical 
variation appears to be a longitudinal growth of the chromonema (86), 
perhaps by adding ribonucleoprotein particles interstitially to the 
chromosome fibrils. In lampbrush chromosomes this takes place in 
many loci, in salivary chromosomes it is restricted to a few, at least 
to the extent that the result becomes visible microscopically. When 
the lampbrush loops and puffs decrease in size, some material must 
leave the chromosome. Perhaps ribonucleoprotein units are released 
from the chromosome into the cytoplasm. We would thus have a 
mechanism to transfer “information” from specific chromosome loci 
(genes) to regions of synthesis in the cytoplasm (ergastoplasm). Per- 
haps there is a genetic relationship between the chromosomal ribo- 
nucleoprotein particles and the particles seen in the ergastoplasm (ef. 
81) which have been implicated as sites of protein synthesis. 


THE Cominc CycLE oF CHROMOSOMES 


The spiral structure of chromosomes has been reviewed recently by 
Manton (62). There is no new information that would throw light on 
the mechanism of this cyclical structural change. Chromosomes reveal 
a whole hierarchy of helical systems superimposed on one another, 
even beyond the major and minor coil seen in the hght microscope 
during meiosis (Fig. 16). Certain protozoa appear to be especially 
favorable for the study of such coiling systems (21). The helical 
arrangement also transcends the level of the optical microscope. In 
the electron microscope we see the coiling of the elementary fibril 
(Figs. 14, 34, 35), and beyond that we find the helical structure of 
nucleic acids (37, 110, 114) and proteins (82, 37). Future studies will 
have to show what relation exists between the helices on these different 
levels. Cytochemical investigations of coiled and uncoiled chromo- 
somes, of heterochromatin and euchromatin, are needed now to show 
possible relationships between coiling and chemical composition. 

Electron micrographs of thin sections through chromosomes have 
revealed a puzzling structure that possibly has bearing on chromosome 
coiling. Mid-prophase chromosomes in spermatocytes of the crayfish 
(76) and of several vertebrates (34) show a “core” in the chromo- 
somal helix about 700 A in diameter (Fig. 38). It is not clear yet 


whether this structure is present throughout the length of the chromo- 
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Fig. 38. Electron micrograph of a section through a prophase chromosome in a 
primary spermatocyte of the crayfish. The “core” within these chromosomes is 
shown in longitudinal and cross sections. P is a central dense structure less than 
150 A wide, bounded by less dense areas about 250 A wide (Q). Beyond these 
are roughly parallel lines (R). From Moses (76, Figs. 2 and 4). 


some or is restricted to certain segments. Morphologically it is very 
similar to the chromosomal fibers described by Porter (84). This 
suggests a possible relationship to the spindle attachment. If it extends 
throughout the chromosome at mid-prophase, i.e., at the time when 
the helical contraction of the chromosome takes place, it might serve 
as a core around which the chromonemata are coiled. By contracting 
it could change the loose coil of mid-prophase into the compact helix 
of metaphase. 


CHROMOSOM E REPRODUCTION 


The most fascinating aspect of chromosomes is their duplication 
during mitosis and endomitosis. It is responsible for the continuity 
of genetic systems from one cell generation to another. It forms the 
bridge which links cells, individuals, and species into a continuous 
stream of life. 

The reproduction of a chromosome consists of several distinct 
processes at different levels of organization. First, there must be a 
synthesis of the macromolecular components of chromosomes, nucleie 
acids, and proteins. The DNA is particularly interesting, because of 
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its constancy and the fact that synthesis occurs only at the time of 
chromosome reproduction. This takes place at a certain period during 
interphase (104, 107). Little is known about the synthesis of chromo- 
somal proteins, except that histones seem to be approximately doubled 
at the time when DNA is synthesized (2, 17). Certain observations in 
viruses and bacteria have indicated that there is a close connection 
between nucleic acids and the material responsible for genetic prop- 
erties. This would imply that the synthesis of DNA is not only quan- 
titatively exact, but also qualitatively exact in producing a true copy 
of the DNA molecule. The structure of this molecule has now sug- 
gested some interesting models for its replication. They will be dis- 
cussed in a later section of this volume. 


The chromosome, however, is not just a mass of DNA macro- 
molecules. Models for DNA replication give no information about 
the duplication of the chromosome. Electron microscopic studies have 
now revealed a basic structural unit, the chromosome fibril. The 
second aspect of chromosome reproduction, therefore, on a submicro- 
scopic level, involves the replication of this elementary fibril. In 
prophase chromosomes, after the synthesis of DNA and chromosomal 
protein has taken place, we find pairs of fibrils closely associated 
(Figs. 10, 14). Most probably these are the products of the latest 
duplication, which has resulted in the doubling of every elementary 
fibril of the chromosome. How is this duplication accomplished? 
If the nucleic acid turns out to be located in the core of the fibril, 
it will be simpler to make a connection between the process of DNA 
duplication and the duplication of the chromosome fibril. A scheme 
similar to that of Bloch (16), for instance, would first yield a fibril 
of double thickness. As this splits longitudinally, two relationally 
coiled fibrils are produced. Gay has found that in polytene chromo- 
somes the microfibrils are indeed relationally coiled (44). At some 
later stage this must be changed into a paranemic coil so that the 
strands can separate. Now by coiling a pair of strands which are 
twisted around each other into a helix with a gyre for each relational 
twist, two separable helices are formed (16, Fig. 4). Perhaps the 
helical coiling of prophase chromosomes has the function of forming 
a paranemic (separable) helix of the double fibrils, and thus preparing 
their independence for the time when they become chromatids. 


The third aspect of chromosome reproduction, on the level of the 
optical microscope, is concerned with the division of the bundle of 
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microfibrils into chromatids, half-chromatids, and quarter-chromatids. 
The chromatids are the subunits which become the daughter chromo- 
somes at anaphase. 

The multistranded organization of chromosomes has important im- 
pheations for the process of chromosome division. Unfortunately, they 
have been ignored in most recent discussions of this subject. The 
daughter chromosomes do not represent ‘‘old” and “new” chromosomes. 
They were separate units (chromatids) already at the time when new 
fibrils are synthesized and therefore, contain equally new and old 
strands. Depending on the number of subunits present, it will take 
several generations of chromosome divisions until newly formed 
microfibrils separate as daughter chromosomes (Fig. 39). 
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SUMMARY 


The organization of chromosomes has been discussed in the light of 
recent studies with the electron mic roscope. The major aspects of the 
picture emerging from this work are the following: 

1. The basic morphological unit of chromosomes is a fibril approxi- 
mately 200 A thick. Based on comparisons with the particle of tobacco 


mosaic virus, a model for the organization of this fibril in terms of 
nucleic acids and proteins has been suggested, 
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2. Chromosomes are multistranded bundles of such fibrils. While 
the exact numbers present have not yet been determined, they are 
expected to be some power of two. This number appears to vary in 
different organisms, and it seems that this is one of the factors deter- 
mining the variation of DNA content in chromosomes of different 
species. 

3. Based on the structure of lampbrush chromosomes and of the 
“puffs” found in polytene chromosomes a working hypothesis is 
advanced, integrating morphological and chemical changes with 
chromosome function. 

4. Chromosome reproduction is discussed on three levels: the syn- 
thesis of nucleic acids and proteins; the repheation of the elementary 
chromosome fibril; and the splitting of the bundle of fibrils into units 
of higher order such as chromatids, half-chromatids, and quarter- 
chromatids. Because chromosomes are multistranded, daughter chromo- 
somes at anaphase do not correspond to “old” and “new” chromosomes. 
The unit of replication is the submicroscopie fibril and not the chromo- 
some as a whole. Both daughter chromosomes contain “old” and “new” 
fibrils and their chemical analysis cannot give any information about 
the chemical aspects of “old” and “new” strands within the same 
division cycle. 
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DISCUSSION 


Dr. Guass: In respect to the proposal made through Dr. Beadle from 
Dr. Horowitz, I might comment that the term transmutation, just 
like the term conversion, has a historical connotation which makes it 
somewhat undesirable. Of course, there is nothing to prevent us from 
taking an old term and modifying it in the light of current usage, and 
if it really seems more appropriate—and it does—I really have ‘no 
objection to it. To go back in the literature, the term transmutation 
was used in the early days in genetical work by the Russians, in par- 
ticular by Timofeeff-Ressovsky, as a synonym for what the English 
and the American geneticists called ordinary mutation. 

Dr. H. W. Lewis: I would like to point out to you, Dr. Ris, that 
you have read more than was intended into Dr. Schmitt’s speculations 
on chromosome structure, and, consequently, perhaps you have misin- 
terpreted Schmitt’s view of the chromosome. Unless I have misinter- 
preted your remarks, it is your opinion that Schmitt has suggested 
that chromosome structure is like that of fibrous collagen and that 
the bands of the dipteran salivary gland chromosomes are analogous 
to the bands of collagen. This is not Schmitt’s point of view. He did 
draw an analogy between chromosomes and other macromolecular 
systems but lke any analogy it is useful only if we do not carry the 
comparison too far. Allow me to point out the salient features of 
Schmitt’s analogy. In essence what he did was examine, with the view 
of seeking common denominators, biological entities whose structures 
on a macromolecular level we understand at least moderately. The 
biocolloids that Schmitt has had experience with include not only 
collagen, but also myosin, fibrinogen and keratin. What impressed 
him most is that it is the precise organization rather than the precise 
composition of the biologically functional unit that is of prime impor- 
tance. Now, what are the factors responsible for this precise organi- 
zation? They are factors which the physical biochemists are beginning 
to understand intimately and ean be grouped into two categories. The 
first is what Schmitt calls the “built-in specificity” of the macro- 
molecules and ineludes the specific composition and structure of the 
macromolecules such as the sequence of amino acids or nucleotides, the 
degree of polymerization, the position or direction of rotation of certain 
chemical groups, ete. The second group of factors are those which 
make up the environment in which the macromolecules interact, i.e., the 
presence or absence of certain substances, PH, ionic strength, ete. 

Now, what common principles can we deduce from analysing the 
structure of the above-mentioned macromolecular systems? The most 
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important point is that the properties we recognize in the system are 
a function of the manner in which the component macromolecules are 
integrated into the system as a whole and are not the properties of 
the component macromolecules. The biological and morphological 
properties of the system can be changed by changing the precise organi- 
zation of the component macromolecules but the component macro- 
molecules themselves remain unchanged. The second generalization 
that can be made is that the integration of the component macro- 
molecular units is extremely sensitive to certain subtle changes in 
the environment while at the same time insensitive to other less subtle 
changes. Furthermore the mechanics of the integration of macro- 
molecules into a biologically meaningful unit can be explained in 
terms of known physical-chemical phenomena; e.g., thermal agitation, 
van der Waals forces, hydrogen bonding, and electrostatie links influ- 
enced by such variables as ionic strength and pH. 

Chromosomes are much more complex than the biological systems 
from which these generalizations have been derived. However, the 
different species of macromolecules that chromosomes are composed of, 
such as DNA, RNA, and proteins, as well as lipids and water, interact 
to form a polyelectrolyte biogel and from the physical-chemical point 
of view the same principles of organization may apply. This is as far 
as the analogy may be carried and still be useful. These general con- 
siderations are completely compatible with all known genetic and 
cytological phenomena, and in fact, viewing the genetic material from 
the level of integrating macromolecules may offer new understanding 
of its biological activity. 

The final point I would like to make concerns the banding of the 
dipteran salivary gland chromosomes. In Dr. Schmitt’s original pub- 
lished article he used the banded structure of collagen as an illustration 
of the fact that the properties of the system as a whole are not the 
properties of the component macromolecules of the system and that 
the properties of the integrated system are determined largely by the 
immediate environment. This does not mean that the origin of all 
banded structures in nature is the same. It should be overwhelmingly 
apparent that the banded structure of collagen and the banded struc- 
ture of salivary gland chromosomes cannot be the same because collagen 
is composed of a single species of macromolecule, tropocollagen, while 
the characteristic banded structure of the chromosomes is due to alter- 
nating regions of high to low DNA ratio to other macromolecules. 
The concentration of DNA is not the same in the different bands and 
the manner in which the macromolecules are integrated into the 
organized system varies along the length of the chromosome, as indi- 
cated by the fact that the various bands have their own characteristic 
appearance. I may add, not as part of my argument to be sure, but 
as an aside to one of your comments, Dr. Ris, that the tropocollagen 
macromolecule in reference to the dimensions of the collagen bands 
one sees with the electron microscope is in the same order ot magnitude 
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as the DNA macromolecule with reference to the bands of salivary 
gland chromosomes. 

Dr. Ris: I don’t think much is gained by such comparisons of com- 
pletely unrelated things as the banding in collagen and the banding 
in salivary gland chromosomes. Before we can interpret the structure 
of these chromosomes on the molecular level we must have more 
information on the organization of bands and interbands in terms of 
chromosomal subunits, like the ones now studied in the electromicro- 
scope. We also need more reliable data on the chemical composition 
of bands and interbands, especially with reference to the distribu- 
tion of DNA. 

Dr. Autrert: Dr. Bernard Nebel at the Argonne laboratory has had 
an ingenious idea to get at the submicroscopiec structure of nuclear 
material. This has just been reported at Cold Spring Harbor and is 
interesting enough to be repeated here. Nebel made use of an old 
observation of Mrs. Schrader’s, dealing with the spermatogenesis of 
some coccids: there are only two chromosomes which, at a certain 
stage, leave the nucleus and move into the sperm tail where they 
become lined up one behind the other. The nucleus remains as an 
intact vesicle free of chromatin. Nebel had the good idea to make 
electron microscopic studies of this system. There appear to be lots 
of strands and coils in such completely chromatinless nuclei. These 
pictures furnish a structural blank with which electron micrographs 
of other nuclei should be compared: the remaining structure in such 
“empty” nuclei has to be subtracted from that of chromatin-con- 
taining nuclei before one can get a good idea of the submicroscopic 
structure of the chromatin itself. 

Dr. Ris: What is the structure of the chromosomes in the tail? 

Dr. ALrert: The chromosomes are in the tail surrounded by a mito- 
chondrial sheath. 

Dr. Ris: What does the chromatin look like? 

Dr. Aurert: Dr. Nebel didn’t have detailed pictures of the fine 
structure of the chromosomes in the sperm tail. This work has just 
started and there will be more of it. 

Another point is the question of coils vs. chromomeres. Dr. Herbert 
Taylor at the Columbia Botany Department has very good miecro- 
scopic evidence that images of coils and chromomeres are interchange- 
able, depending on the pretreatment and handling of the living 
material. At one time you may see a definite chromomerie pattern, yet 
one can get a complex pattern of coils in the same chromosomes by 
slight changes in the preparation. This seems to bear out Dr. Ris’ 
long-standing opinion on this particular subject. 

_ Dr. Lepersera: Did Dr. Ris give a best estimate of how many 
fibrils there are in the diplotene chromatid? How many degrees of 
subdivision do we have to cope with when dealing with crossing over? 

Dr. Ris: You'll have to tell me what animal you’re working with, 
because the number seems to vary from one group of organisms to 
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another. In Drosophila and corn for instance I think there are only 
very few. In salamanders, lily and Tradescantia there are rather many. 
As I said, in lily leptotene my guess would be eight microfibrils per 
chromosome. 

Dr. Maatge: We have tried very recently to section bacteria, and 
we are not fully certain of what we see. One minor point concerning 
the interpretation that Dr. Ris gave to his structure: in the first place, 
we see a similar thing in bacteria when we get them imbedded in 
something that will not tend to destroy them in the process of 
polymerization of methacrylate. The other thing is that Dr. Ris says 
that according to Bahr you get the main contrast from the protein. 
I am afraid that is not true, for two reasons. In the first place, if you 
do not use osmium at all but use some other stain or some other fixative 
for the cell nearly all the elements that are in there should present 
themselves in the same contrast as they do if you use osmium. The 
second reason is that if you take phage and first agglutinate it to 
collect the particles, fix it with osmium, and then dehydrate, imbed, 
and section, then you get a picture which looks this way. You get a 
particle with a dark central core and with a faint halo around it, and 
measurements of the dark center show that this is probably the 
DNA-containing core of the particle. We know that for special rea- 
sons the DNA here must be packed very, very tightly. The thing is 
that the core here gives a very strong contrast in the electron micro- 
scope, whereas the protein shell around it gives a very dim contrast. 
In our reasoning the osmium is not responsible for contrast to a very 
appreciable extent. The contrasts that we do see would have to come 
mainly from phosphorus and sulfur atoms, as these would have to be 
heavier than the nitrogen, carbon, and oxygen atoms of the protein. 

Dr. Ris: If you fix lampbrush chromosomes with formalin, then the 
fibrils do not show this differentiation into core and outer shell. It is 
rather difficult to do this with sections because after formalin fixation 
much of the tissue is destroyed in the electron beam. Councilman 
Morgan has obtained pictures of formalin-fixed material, but he had to 
shoot in the dark at such low beam intensities that nothing was visible 
on the fluorescent screen. I haven’t had the courage to do that yet. 
The use of electron stains is rather tricky and I have not had any 
success with chromosomes so far. 

Dr. Brapie: I would like to ask Dr. Ris or someone else in the 
audience a question that has been bothering me and that I have not 
heard discussed. This is the report by Marshak that sea urchin eggs 
contain no DNA at certain stages. Can anybody explain this? 

Dr. Atrert: They do contain DNA, but Marshak thinks that all of 
this is due to contamination by polar bodies and other nuclear material. 
The question is whether it is possible to account quantitatively for all 
the DNA present on the basis of such contamination. 

Dr. Ris: I have made some Feulgen preparations of mature sea 
urchin eggs before fertilization and there is no doubt that Feulgen 
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positive material was present in nuclei. It was, however, very much 
dispersed and the reaction was rather weak. This is not surprising 
since the amount of DNA per diploid nucleus in the sea urchin 1s 
relatively small to begin with and the chromatin in these nuclei 1s 
much dispersed. | 
Dr. J. A. V. Burter: I should just like to suggest that Dr. Ris’ 
pictures are a little hard to reconcile with the chemical evidence of 
the composition of nucleoprotein. Davison and I have made analyses 
of nucleic acids and amino acid contents of carefully prepared nucleo- 
proteins. They are very constant. There is nearly one basic amino 
acid to each phosphate group. Now there are 3 non-basic amino acids 
per phosphate group. It is probable that each basic amino acid is 
associated with a phosphate group, and if you pack these together 
it would be difficult to make a single thread of 200 A units diameter. 


Dr. R. WiturAMs: I would hke to make a comment first of all 
regarding the remarks about the appearance of bacteriophage. Bern- 
stein at Berkeley has done some differential staining of phage with 
osmium, and with iron in the absence of osmium. Interestingly enough, 
his results could hardly be more contrary to the picture shown by 
Dr. Maalge that we have seen here; namely, Bernstein finds that in 
the presence of osmium the outer coating is dark, and the inner region 
is relatively light. In the case of the iron staining, the inner becomes 
quite opaque, and Bernstein has a fairly good stoichiometric relation 
between the amount of iron taken up and the amount of DNA in the 
phage head. I wanted particularly to ask Dr. Ris a question, and to 
make a comment concerning a remark that he made. I gather you 
concluded from the sections which were observed before the methacry- 
late had been removed that the holes in the otherwise complete dises 
represent where the nucleic acid is localized, but is unstained. I 
take it that in the picture in which the methacrylate had been removed 
we saw “doughnuts.” In the latter case, surely, the origin of the 
contrast is not the same—that is, in the latter case, where the specimen 
had been shadowed, a hole that one sees in the center of the ‘“dough- 
nut” represents where something isn’t. This means that before the 
methacrylate was removed that space was filled with methacrylate 
only, in order to show as a hole-after the methacrylate had been 
removed, So in a way the matter seems contradictory; as though on 
the one hand you are maintaining that there is nucleic acid in the 
center of these circular objects, and on the other hand implying that 
there isn’t anything in the center of the circular objects. 

Dr. Ris: I was puzzled by this myself. In formalin fixation you 
don’t get these double lines. The fibril seems to be uniformly dense 
throughout with no hole in it. Now as to shadowing, I wonder whether 
you wouldn’t agree that if you have osmium on the outside and no 
osmium in the center you still would get a greater contrast on the 
outside even after shadowing. 
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Dr. WituiAMs: I would have concluded from the amount of metal 
evidently put on during shadowing that it is very likely not so. Is 
there any possibility that material which perhaps initially filled the 
inside of the doughnuts has been removed during methacrylate imbed- 
ding following incomplete fixation with osmium? You might truly be 
looking at holes which were filled with nucleic acid to start with and, 
if it weren’t fixed adequately, it would appear as a hole later on, 
having been washed out of the sample. It’s a possibility. 

Dr. Ris: Perhaps this could happen. Of course, it is also possible 
that the chromosome fibril is hollow inside. I would like to emphasize 
that I did not conclude that the nucleic acid is in the core. This sug- 
gested itself because of the striking similarity in appearance of the 
chromosome fibril and tobacco mosaic virus where the nucleic acid 
was thought to be in the core. In view of the recent work of Dr. 
Franklin, however, the virus seems to have a hole down the middle, and 
the same could be true for chromosome fibrils. 

Dr. Huxuey: Just a terminological point: I am rather sorry that 
Dr. Ris rejected the term chromofibril on the ground that it is hybrid. 
It seems to me that when you have discovered a definite unit like this 
you want a term which is not a descriptive term which could apply to 
almost anything like chromosome fibril, but something which you can 
define accurately. After all, there are quite a lot of hybrid words in 
common use. Perhaps if Dr. Ris stuck to this rule he could not use 
the word homosexual—perhaps he never does. He wouldn’t be able 
to use the word automobile, or even macromolecule. 

Dr. Ris: The name ‘“chromofibril’” would to me at least imply a 
fibril that combines with dyes and becomes colored, which is meaning- 
less in the electron microscope. Chromosome fibril on the other hand 
indicates clearly that it is a unit of chromosomes. 

Dr. Dounce: I would like to point out that the structure of these 
nucleoproteins of the chromosomes is very sensitive to pH and also to 
ionic strength. I wonder, if you think your interpretation is correct 
that the nucleic acid is surrounded by proteins, whether this might not 
be due to the action of the fixative, either because of the ionic strength 
or the pH of the preparation. If you combine DNA and protein, it 
seems logical that the protein should arrange itself in a shell around 
the DNA fibers—perhaps that’s what you are seeing. On the other 
hand, if this structure were present in the nucleus originally, one 
would wonder why the DNAase would remove the DNA, because 
RNAase, which is a much smaller molecule, doesn’t attack the tobacco 
mosaic virus, which seems to have a similar structure consisting of a 
nucleic acid thread surrounded by protein. In our own laboratory we 
have found that the action of DNAase on isolated nuclei is quite 
different at pH 6 than at pH 7 where there’s not much complexing 
of proteins with the DNA. The DNAase depolymerizes the DNA 
quite readily at pH 7; but, although the enzyme tends to have a very 
rapid action at pH 6 in cleaving the DNA, possibly near the end of 
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the fiber, from the residual protein, the DNA is not depolymerized, 
extensively. This indicates that at pH 6, where protein complexing 
begins, there may actually be a steric hindrance against the action of 
DNA-ase, owing to this protein shell around the DNA fiber. Dr. Ris, 
I wonder if you would care to comment on this. 


Dr. Ris: With whole chromosomes such as lampbrush chromosomes 
or meiotic prophase chromosomes we got the same picture after freeze- 
drying, fixation with ethanol, formalin or osmium. With regard to the 
action of DNA-ase, it should make a difference whether you first fix 
the preparation or not. In our case the material was always fixed first. 
After denaturation of the protein there may be enough holes so that 
the enzyme can get inside. 

Dr. Dounce: Did you use DNAase at pH 7 or thereabouts after 
fixation? 

Dr. Ris: Yes. 

Dr. Brapie: I would like to ask Dr. Ris about the consistency of 
this picture of different numbers of ultimate units in the chromosome 
with the genetic data on the times at which mutations are expressed. 
If there were many units in sperms, for example, induced mutations 
ought to show us very small “fractionals” and this might be different 
in different organisms. In Drosophila mutations induced in sperms 
are not all expressed as “fractionals.”” There are some whole mutations, 
as though there were only one unit instead of many. 


Dr. Ris: Drosophila and corn are two organisms that seem to have 
very few units. You would have to work with something like lily or 
salamander in order to study such an effect. Then you also have to 
consider that the mutational event could affect more than one unit at 
a time, like a single x-ray hit, breaking a whole chromosome or a 
chromatid. 


Dr. Atrert: There is a question whether such structures occur in 
sperm. The chemical composition of sperm chromatin is quite differ- 
ent from that of interphase chromatin, and the electronmicroscopic 
appearance of sperm chromatin is quite different. It has a crystalline 
and very regular appearance which is lacking in other nuclei. Maybe 
the material becomes arranged in a very different way just while it’s 
being transported and cannot be directly compared with the chromo- 
some structure in the active nucleus. 


Dr. Davison: I would like to ask Dr. Ris a question in regard to 
those electron micrographs. There was a section where vou showed 
whole nuclei which seemed to be lacking in ordered structure. and T 
wondered, in view of that, whether you would retract your original 
identification of isolated interphase chromosomes with ‘chromosomes 
visible at mitosis. ; : 


Dr. Ris: Are you referring to the swelling, sliding, and contraction of 
the chromosomes? 
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Dr. Davipson: No. Your work with Mirsky where you identified 
isolated products. 

Dr. Ris: The pictures you saw can tell us really nothing about the 
existence of individual chromosomes such as are isolated mechanically 
from interphase nuclei. First, we deal with random sections through the 
nucleus, 25 millimicrons thick; secondly, the chromosomes have no 
distinct boundaries or membranes and are in a swollen state in the 
living nucleus and are fixed like this by the osmium fixative. There- 
fore, you could not expect to see definite structures corresponding to 
specific chromosomes in these pictures. 


THE ELEMENTARY UNITS OF HEREDITY* 


SEYMOUR BENZER 
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Lafayette, Indiana 


INTRODUCTION 


THE TECHNIQUES of genetic experiments have developed to a point 
where a highly detailed view of the hereditary material is attainable. 
By the use of selective procedures in recombination studies with cer- 
tain organisms, notably fungi (14), bacteria (2), and viruses (1), it is 
now feasible to “resolve” detail on the molecular level. In fact, the 
amount of observable detail is so enormous as to make an exhaustive 
study a real challenge. 


A remarkable feature of genetic fine structure studies has been the 
ability to construct (by recombination experiments) genetic maps 
which remain one-dimensional down to the smallest levels. The molecu- 
lar substance (DNA) constituting the hereditary material in bacteria 
and bacterial viruses is also one-dimensional in character. It is there- 
fore tempting to seek a relation between the linear genetic map and 
its molecular counterpart which would make it possible to convert 
“genetic length” (measured in terms of recombination frequencies) to 
molecular length (measured in terms of nucleotide units). 


The classical “gene,” which served at once as the unit of genetic 
recombination, of mutation, and of function, is no longer adequate. 
These units require separate definition. A lucid discussion of this 
problem has been given by Pontecorvo (13). 

The unit of recombination will be defined as the smallest element in 
the one-dimensional array that is interchangeable (but not divisible) 
by genetic recombination. One such element will be referred to as a 
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“recon.” The unit of mutation, the “muton,” will be defined as the 
smallest element that, when altered, can give rise to a mutant form of 
the organism. A unit of function is more difficult to define. Tt depends 
upon what level of function is meant. For example, in speaking of a 
single function, one may be referring to an ensemble of enzymatic 
steps leading to one particular physiological end-effect, or of the 
synthesis of one of the enzymes involved, or of the specification of one 
peptide chain in one of the enzymes, or even of the specification of 
one critical amino acid. 


A functional unit can be defined genetically, independent of bio- 
chemical information, by means of the elegant cis-trans comparison 
devised by Lewis (12). This test is used to tell whether two mutants, 
having apparently similar defects, are indeed defective in the same 
way. For the trans test, both mutant genomes are inserted in the same 
cell (e.g., in heterocaryon form, or, in the case of a bacterial virus, the 
equivalent obtained by infecting a bacterium with virus particles of 
both mutant types). If the resultant phenotype is defective, the 
mutants are said to be non-complementary, i.e., defective in the same 
“function.” As a control, the same genetic material is inserted in the 
cis configuration, i.e., as the genomes from one double mutant and one 
non-mutant. The cis configuration usually produces a non-defective 
phenotype (or a close approximation to it). It turns out that a group 
of non-complementary mutants falls within a limited segment of the 
genetic map. Such a map segment, corresponding to a function which 
is unitary as defined by the cis-trans test applied to the heterocaryon, 
will be referred to as a “cistron.” 

The experiments to be described in this paper represent an attempt 
to place limits on the sizes of these three genetic units in the case of a 
specific region of the hereditary material of the bacterial virus T4. A 
group of “rIZ” mutants of T4 has particularly favorable properties 
for this kind of analysis. Mutants are easily isolated. Recombinants 
can be detected, even in extremely low frequency, by a selective tech- 
nique. The system is sufficiently sensitive to permit extension of genetic 
mapping down to the molecular (nucleotide) level, so that the recon 
and muton become accessible to measurement. The r/7 mutants are 
defective in the sense of being unable to multiply in cells of a certain 
host bacterium (although they do infect and kill the cell). The cis-trans 


test can therefore be readily applied. 
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GENETIC Maps 


Method of Construction. 


The construction of a genetic map of an organism starts with the 
selection of a standard (“wild”) type. From the progeny of the wild 
type, mutant forms can be isolated on the basis of some heritable 
difference. When two mutants are crossed, there is a possibility that 
a wild-type organism will be formed as a result of recombination of 
genetic material. The reciprocal recombinant, containing both muta- 
tional alterations, also occurs. The proportion of progeny constituting 
such recombinant types is characteristic of the particular mutants used. 
The results of crosses involving a group of mutants can be plotted on a 
one-dimensional diagram where each mutant is represented by a point. 
The interval between two points signifies the proportion of recombi- 
nants occurring in a cross between the two corresponding mutants. 
Usually, it is not possible to construct a single map for all the mutants 
of an organism; instead the mutants must be broken up into “linkage 
groups.” A linear map may be constructed within each linkage group, 
but the mutant characters assigned to different linkage groups assort 
randomly among the progeny. The number of linkage groups, in some 
cases, has been shown to correspond to the number of visible 
chromosomes. 


The procedure for constructing a genetic map for a bacterial virus 
is much the same (9). A genetically uniform population of a mutant 
can readily be grown from a single individual. Two mutants are 
crossed by infecting a susceptible bacterium with both types and 
examining the resulting virus progeny for recombinant types. Virus 
T4 has been mapped in some detail (3, 1), and behaves as a haploid 
organism with a single linkage group (18). 


Relativity of Genetic Maps. 


A genetic map is an image composed of individual points. Each 
point represents a mutation which has been localized with respect to 
other mutations by recombination experiments. The image thus 
obtained is a highly colored representation of the hereditary material. 
Alterations in the hereditary material will lead to noticeable mutations 
only if they affect some phenotypic characteristic to a visible degree. 
Tnnocuous changes may pass unnoticed, leaving their corresponding 
regions on the map blank. At the other extreme, alterations having a 
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lethal effect will also be missed (in a haploid organism). The map 
represents, therefore, only cases which fall between these extremes 
under the conditions of observation. By varying these conditions, a 
given mutational event may be shifted from one of these categories 
(innocuous, noticeable, or lethal) to another, thereby appearing on, 
or disappearing from the map. 

This effect may be illustrated by the ‘“r” mutants of bacterial virus 
T4. Wild-type T4 produces small, fuzzy plaques on Escherichia coli B 
(Fig. 1). From plaques of wild-type T4, r-type mutants can be isolated 
which produce a different sort of plaque. Fig. 1 shows the plaques of 
nine r mutants, each isolated from a different plaque of the wild type 
in order to assure independent origin. The similarity of plaque type of 
these r’s on B disappears when they are plated on another host strain, 
FE. coli K (a lysogenic K12 strain (10) carrying phage lambda), as 
shown in Fig. 2. Here, they split into three groups: two mutants form 
r-type plaques, one forms wild-type plaques, and the remaining six do 
not register. Thus, with B as host, all three types of mutation lead 
to visible effects, while with K as host, the effects may be visible, 
innocuous, or lethal. 

When the same set of mutants is plated on a third strain, 2 coli 8 
(K12S, a non-lysogenic derivative (10) of K12) or BB (a “Berkeley” 
derivative (17) of B) the pattern of plaque morphology is different 
from that on either B or K (Table 1). 


TABLE 1 


Prague Morrno.ocy or T4 Strarns (Isotarep in B) Piarep on Various Hosts 





BACTERIAL HOST STRAIN 





PHAGE , 
STRAIN B S Kk 
wild wild wild wild 
r ie fp ue 
r il T wild pe 
r III r wild wild 





If a genetic map is constructed for these mutants, using B as host, 
the three groups fall into different map regions, as indicated in Fig. 3. 
On strain §, the rIJ and rIII types of mutation are innocuous. Thus, if 
S had been used as host in the isolation of r mutants, only the J region 
would have appeared on the map. On K as host, the r/JIJ mutation 
is inmcuous, and the r/7 mutation is (usually) lethal, so that only the 
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Fia. 3. Dependence of the genetic map of T4 upon the choice of host. Three 
regions of the map are shown as they probably would appear if /. coli strains B, 
S, or IK were used as the host. 


rl region would appear. Actually, a few r/Z mutants are able to 
multiply somewhat on K, producing visible tiny plaques. If K were 
used as host in the isolation and testing of mutants from wild-type T4, 
these mutants could be noticed and would probably be designated by 
some other name, perhaps “minute.” The map would then appear as 
in the bottom row of Fig. 3. The distribution of points on the map 
within this “minute” region would be very different from those for 
the rlJ region using B as the host. 

The appearance of a genetic map also depends on the choice of the 
standard type, which is, after all, arbitrary. For example, suppose an r 
form were taken as the standard type and non-r mutants were isolated 
from it. Then a completely different map would result. An example 
of this is to be found in the work of Franklin and Streisinger (5) on the 
h— h* mutation in T2, as compared with that of Hershey and David- 
son (7) on the h+ — h mutation. 

Another way in which the picture is weighted is by local variations 
in the stability of the genetic material. Certain types of structural 
alterations may occur more frequently than others. Thus, a perfectly 
stable genetic element (i.e., one which never errs during replication) 
would not be represented by any point on the map. 


Determination of the Sizes of the Hereditary Units by Mapping. 
Determination of the recon requires “running the map into the 
ground” (Delbriick’s expression), that is, isolation and mapping of so 
large a linear density of mutants that their distances apart diminish 
to the point of being comparable to the indivisible unit. With a finite 
set of mutants, only an upper limit can be set upon the recon, which 
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must be smaller than (or equal to) the smallest non-zero interval 
observed between pairs of mutants. 

To determine the length of map involved in a mutational alteration, 
a group of three closely linked mutants is needed. Since map distances 
are (approximately) additive, a calculation of the “length” of the 
central mutation can be attempted (15) from the discrepancy observed 
between the longest distance and the sum of the two shorter ones, as 
shown in Fig. 4. The upper limit to the size of the muton would be 


IX2 
era nes pee RR, 
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Fia. 4. Method for determining the “length” of a mutation. The discrepancy 
between the long distance and the sum of the two short distances measures the 
length of the central mutation. 


the smallest discrepancy observed by this method, which can _ be 
determined accurately only if the three mutants are very closely linked. 
It should be noted that since the degree to which the genetic structure 
ean be sliced by recombination experiments is limited by the size of 
recon, the size of the muton will register as zero by this method if it 
is equal to or smaller than one recon. A second method for determining 
the muton size is by the maximum number of mutations, separable by 
recombination, that can be packed into a definite length of the map. 

For the cistron size, only a lower limit can be set with a finite group 
of mutants. The cistron must be at least as large as the distance 
between the most distant pair within it. Its boundaries become more 
sharply defined the larger the number of points which are shown to 
lie inside them. 

Thus, the determination of the sizes of all three units requires the 
isolation and crossing of large numbers of mutants. The magnitude of 
this undertaking increases with the square of the number of mutants, 
since to cross n mutants in all possible pairs requires n(n-1)/2 crosses, 
or approximately n?/2. Fortunate ‘ly, however, the project can be 
shortened considerably by means of a Hiei 
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The Method of Overlapping “Deletions.” 

Certain rJ/7 mutants are anomalous in the sense that they cannot be 
represented as points on the map. The anomalous mutants give no 
detectable wild recombinants with any of several other mutants which 
do give wild recombinants with each other. An anomalous mutant can 
be represented (Fig. 5) as covering a segment of the map. Reversion 





Fig. 5. Illustration of the behavior of an “anomalous” mutant. Mutant no. 6 
is anomalous with respect to the segment of the map indicated by the bar; it 
fails to give wild recombinants with mutants (nos. 2, 3, and 4) located within that 
segment. A + signifies production, and 0 lack of production, of wild recombinants 
in a cross. 


of such an rJJ mutant has never been observed; also, no mutant which 
does revert has been found to have this anomalous character. The 
properties of an anomalous mutant can be explained as owing to the 
deletion (i.e. loss) of a segment of. hereditary material corresponding 
to the map span covered. However, anomalous behavior and stability 
against reversion are not sufficient to establish that a deletion has 
occurred, Similar properties could be expected of a double mutant 
when crossed with either of two different single mutants located at the 
same points. An inversion also would show the same behavior. How- 
ever, the occurrence of a deletion seems to be the only reasonable 
explanation in the cases of several of the rIJ mutants, since they fail 
to give recombinants with any of three or more (in one case as manv 
as 20) well-separated mutants. 


SEYMOUR BENZER 77 


. Whether a given mutation belongs in the region covered by a dele- 
tion can be determined by the appropriate cross. If wild recombinants 
are produced, the mutant must have a map position outside the region 
of the deletion. This eliminates the need to cross that mutant with 
any of the mutants whose map positions lie within the region of the 
deletion. The problem of mapping a large number of mutants is greatly 
simplified by this system of “divide and conquer.” The mutants can 
first be classified into groups that fall into different regions on the 
basis of crosses with mutants of the deletion-type. Further crossing in 
all possible pairs is then necessary only within each group. 

Suppose that three deletions occur in overlapping configuration, as 
shown in Fig. 6A. Fig. 6B represents the results that would be obtained 





A B 


Fic. 6. The method of overlapping deletions. Three mutants are shown, each 
differing from wild type in the deletion of a portion of the genetic material. 
Mutants no. 1 and no. 3 can recombine with each other to produce wild type, but 
neither of them can produce wild recombinants when crossed to mutant no. 2. 
The matrix B represents the results obtained by crossing three such mutants in 
pairs and testing for wild recombinants; the results uniquely determine the order 
of the mutations on the map A. 


in crosses of pairs of these three mutants. A diagonal element (repre- 
senting a cross of a mutant with itself) is, of course, zero, since no wild 
recombinants can be produced. An overlap is reflected by the pattern 
of non-diagonal zeros. These results would establish a unique order of 
the deletions (without resort to the three-factor crosses that would 
ordinarily be necessary). With a sufficient number and appropriate 
distribution of deletions, one could hope to order a large length of 
map. The reader will note an analogy (not altogether without signifi- 
vance!) to the technique used by Sanger (16) to order the amino acids 
in a polypeptide chain by means of overlapping peptide segments. 
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MAPPING THE rII REGIon or T4 


Taxonomy of r Mutants. 

In classifying the mutants of T4, classical terminology may be con- 
veniently used for the taxonomic scheme shown in Fig. 7. Mutants of 
the r “kingdom,” isolated on B, can be separated into three “phyla” 
by testing on K. For the present purposes, our attention will be limited 
to mutants of the rJJ phylum, which are inactive on K. 

A pair of r/J mutants may be subjected to the cis-trans test. The cis 
configuration (mixed infection of K with double mutant and wild-type 
particles) is active, since the presence of a wild particle in the cell 
enables both types to multiply. The trans configuration (mixed infec- 
tion of K with the two single mutants) may be active or inactive. If 
inactive, the two mutants are placed in the same “class.” Since the 
members of a class fail to complement each other, they can be con- 
sidered as belonging to a single functional group. On the basis of this 
test, the rJ/7 mutants divide into two clear-cut classes. The map posi- 
tions of the mutants in each class have been found to be restricted to 
separate map segments, the A and B “‘cistrons.” 

Arbitrary sub-classes can be chosen (from among the available dele- 
tions) for convenience in mapping: mutants falling within the map 
region encompassed by a particular deletion form a sub-class. 

Reverting mutants are considered as of different “species” if crosses 
between them yield wild recombinants. Among a group of mutants 
which have not yielded to resolution by recombination tests, “varieties” 
can in some cases be distinguished by other criteria (reversion rate or 
degree of ability to grow on K). 


Procedures in the Classification of r Mutants of T4. 


(1) Isolation of mutants 

Each mutant is isolated from a separate plaque of wild-type T4 
(plated on B) and freed from contaminating wild-type particles by 
replating. Stocks of mutants are prepared by growth on S$ (to avoid 
the selective advantage which wild type revertants would have on B). 
Mutants are numbered in the order of isolation, starting with 101 to 
avoid confusion with mutants previously isolated by others. 


(2) Spot test on Kk 
In this first test of a new r mutant, 10° particles are plated on K and 
then the plate is spotted with one drop (10° particles) of rl64 (a 
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mutant having a “deletion” in an A cistron) and one drop of r196 (a 
mutant having a deletion located in the B cistron). Typical examples 
of the results of this test are shown in Fig. 8. If the new mutant 
belongs either to the rJ or the rJJ phylum, the plating bacteria will be 
completely lysed (except for a background of colonies formed by 
mutants of K which are resistant to T4), as typified by mutant X 
in Fig. 8. 

Mutant Y in Fig. 8 is typical of a stable rJJ mutant. The back- 
ground shows no plaques, indicating that the proportion of revertants 
in the stock is less than 10-8. The spot of r196 is completely clear, in 
contrast to the rl64 spot. This massive lysis is caused by the ability of 
mutant Y and 7196 to complement each other for growth on K. From 
this result, it may be concluded that mutant Y belongs to the A class. 
Within the 1164 spot, however, some plaques may be seen. These are 
due to wild recombinants arising from r164 and mutant Z (by virtue 
of very feeble growth of rJJ mutants on K). Therefore, mutant Y 
is not in the subclass defined by 1164. 

The third test plate is typical of a reverting r/7 mutant. The stock 
contains a fraction 10—® of wild-type particles which produce the 
plaques seen in the background. It is evident from the spot tests that 
the mutant Z belongs in the B class, and appears to lie within the 
7196 subclass. 


(3) Spot test on a mixture of K and B cells 


Once the class of a new mutant is known, it can be tested on a single 
plate against several mutants of the same class. For this purpose, the 
sensitivity of the test may be increased enormously by the addition of 
some B cells (about one part in a hundred) to the K used for plating. 
The additional growth possible for the mutants on B cells enhances 
their opportunity to produce wild recombinants. This test gives a 
positive response down to the level of around 0.01 per cent recombi- 
nation. A negative result does not, of course, eliminate the possibility 
that recombination occurs with a lower frequency. 


(4) Preliminary crosses 

A semiquantitative measure of recombination frequency may be 
obtained by mixedly infecting B with two mutants and plating the 
infected cells on K. B cells which liberate one or more wild-type 


particles can produce plaques. This method is convenient for prelimi- 
nary testing for recombination in the range from 0.0001 to 0.1 per cent. 
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With higher frequencies of recombination, approaching the point 
where a large fraction of the mixedly infected cells liberate recombi- 
nants, saturation sets in. 


(5) Standard crosses 

Standard measurements of recombination frequency are made in con- 
ventional crosses. B cells are infected with an average of three particles 
per cell of each phage. The infected cells are allowed to burst in a 
liquid medium, and the progeny are plated on K and on B to deter- 
mine the proportion of wild-type particles. The reciprocal recombinant 
(double rJJ mutant) does not, in general, produce plaques on K, but 
since the two recombinant types are produced in statistically equal 
numbers (9), the proportion of recombinants in the progeny can be 
taken as twice the ratio of plaques on K to plaques on B (corrected 
for the relative efficiency of plating of wild type on these two strains, 
which is close to unity). 


(6) Reversion rates 

The reversion rate of a mutant is reflected in the proportion of wild- 
type particles present in a stock. This value is an important charac- 
teristic of each mutant, varying over an enormous range for different 
mutants. It may be less than 10—® for “stable” (i.e., non-reverting) 
mutants or as high as several per cent. (For one exceedingly unstable 
mutant the proportion of revertants averages 70 per cent, even in 
stocks derived from individual mutant particles.) The precision with 
which a mutant can be localized on the map is inversely related to its 
reversion rate; only relatively stable mutants are useful for mapping. 
In the experiments here reported, it has been assumed that the rever- 
sion rate of a mutant is not altered during a cross; the reversion con- 
tribution is subtracted from the observed percentage of wild particles 
in the progeny. In most cases, this correction is negligible. 


(7) “Leakiness” of rJJ mutants 


r[I mutants differ greatly in their ability to grow on K cells. A sensi- 
tive measure of this ability can be obtained by infecting K cells and 
plating them on B. Any K cell that liberates one or more virus 
particles can give rise to a plaque. The fraction of infected cells yield- 
ing virus progeny, which is a characteristic property of each mutant 
(when measured under fixed conditions), may vary from almost 100 
per cent down to less than one per cent for different mutants. 


82 THE CHEMICAL BASIS OF HEREDITY 


Leakiness has the effect of limiting the sensitivity of K as a tool 
for selection of wild recombinants, thereby hampering the mapping 


of very leaky mutants. 
TABLE 2 
CLASSIFICATION OF AN UNSELECTED Group or 241 7 Mutants or T4 


The number of mutants in each classification is given in parentheses. An asterisk 
indicates that reversion of the mutant to wild type has not been detected. A few 
mutants (indicated as “not determined”) could not be further classified due to 
excessively high reversion rate or leakiness. 





























Kingdom Phylum Class Subclass Species Variety 
(  rl64+ (1sp.(20) {1 var. (11) 
(27) i a (2) 1 var. (9) 
4 sp. (1 ea.) 
( rl r184* t isp. @) ee NT 
| (96) (5) \ 1 sp. (2)* dees 
(4) \ 1 sp. (3) 41 var. (1) 
| IIA j 1 var. (1) 
| (73) 
r47* Pihigpe (2 
(4) Lisp) 
r197* I sp. (1 
(2) 
sp. (3)* 
sp. 
Pe | 1 a oH {1 var. (1) 
mutants others L sp. (2) \1 var. (1) 
(241) | (29) 1 sp. (2) 
1 sp. (2) fl var. (1) 
Lidl 1 sp. (2) \l var. (1) 
(134) 14 sp. (1 ea.) 
not 
| determined 
) 1 sp. (21) {1 var. (19) 
r196* J He (lt var (2) 
(34) 1 sp. (9) {1 var. (5) 
3 sp. (1 ea.) \1 var. (4) 
IIB } r187* { 1 sp. (3)* 
(60) (6) 1 sp. (2) {1 var. (1) 
l sp. (3) \1 var. (1) 
others 1 sp. (3) {1 var. (2) 
(16) 1 sp. (2) \1 var. (1) 
PIT] a, | 8 sp. (1 ea.) 
Bee determined 
(4) 
not 
determined 


(1) 
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Classification of a Set of 241 r Mutants. 

A set of r mutants was isolated, using B as host, and given numbers 
from rl01 to r338; the mutants r47, 748, and r51, isolated by Doermann 
(3), were added to this set, making a total of 241 r mutants. These 
were analyzed according to methods already described. 

The results are shown in Table 2. Of these mutants, 134 fell into the 
rlI phylum. Each of these (with the exception of one very leaky 
mutant) could be assigned unambiguously to either of two classes on 
the basis of the test for complementary action of pairs of mutants for 
growth on K. Mutants within each class were crossed with stable 
mutants of the same class; those giving no detectable wild recombi- 
nants with a particular stable mutant were assigned to the same 
subclass. Mutants of each subclass were crossed in all pairs. When 
two or more mutants were found to be of the same species (i.e., showed, 
in a “preliminary” type cross, recombination of less than about 0.001 
per cent, or less than the uncertainty level set by the reversion rate, 
whichever was greater), one was used to represent the species in 
further crosses. Those mutants not falling into any of the subclasses 
defined by the available stable mutants were crossed with each other 
in pairs. By these procedures, the classification was carried to the 
species level for the entire set of mutants, except for six highly reverti- 
ble or leaky mutants whose subclass was not established. 

Several of the species showed evidence of splitting into varieties 
distinguishable by reversion rate or degree of leakiness. Some mutant 
varieties recurred frequently (e.g., 19, 11, 9 times). These recurrences 
were far outside the expectation for a Poisson distribution, and are 
indicative of local variations of mutability. The fact that many species 
were represented by only one occurrence suggests that many other 
species remain to be found. 

The 33 species found in the A cistron and the 18 species found in 
the B cistron are sufficient to define reasonably well the limits of each 
cistron. The minimum size of a cistron in recombination units is 
determined by the maximum amount of recombination observed in 
standard crosses between pairs of mutants within it. On the basis of 
the standard crosses performed so far, this value is about 4 per cent 
recombination for the A cistron, and 2 per cent for the B cistron. 


Study of 923 r Mutants. . 
While the study of the foregoing 241 mutants yielded a good idea of 
the sizes and complexity of the A and B cistrons, it fell short of 
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“saturating” the map sufficiently to provide the close clusters of 
mutants required for the determination of the sizes of the recon and 
muton. To this end, it was decided to isolate many more mutants. By 
confining attention to those falling into the 7/64 subclass, a more 
exhaustive study could be made of a selected portion of the map. 

In a group of 923 r mutants (7101 through 71020, plus Doermann’s 
three), 149 were found to belong to the r164 subclass. Four of those 
were stable. The remaining 145 mutants separated into the 11 species 
shown in Fig. 9. One of the species accounted for 123 of the mutants! 
As shown in Table 3, this species included three varieties as distin- 
guished by their reversion rates; two were of roughly equal abundance, 
while the third occurred only once. 

Results of standard crosses between the mutants of the r164 subclass 
are presented in Fig. 10. The smallest recombination distance, setting 
an upper limit to the size of the recon, is around 0.02 per cent (between 


TABLE 3 


Reversion Data ror MuTANTS OF THE 7131 SPECIES 


The “reversion index” is the proportion of wild-type particles in a lysate pre- 
pared from a few mutant particles (to avoid introduction of any revertants present 
in the original stock) using S as host. The measurement is subject to large fluctua- 
tions due to the clonal growth of the revertants formed Therefore, four separate 
lysates are made for each mutant. Parentheses indicate extreme fluctuations. An 
asterisk indicates a background of tiny plaques (smaller than those produced by 
wild type) when the lysate is plated on K. 

In addition to the examples listed in the table, 67 other mutants of this species 
are also of variety a, as judged by the proportion of revertants (from 02 * 10-6 
to 4.0 X 10-6) in single lysates; 45 additional mutants apparently are of variety 
(having values from 300 X 10-6 to 4,000 * 10°6). 

The mutants of variety « give less than 0.001 per cent recombination with 127 4. 
For the more highly revertible mutants of variety 8, this limit can only be set at 
less than 0.02 per cent recombination with 7274. The mutant 7973, of variety y, 
Ss less than 0.005 per cent (the limit set by background on K) recombination 
with 7274. 








Mutant Reversion Index (units of 10-®) 
variety « 7200 0.47 0.91 0.17 0.25 
220 0.55 0.41 0.25 0.21 
r27 4 0.24 0.29 0.61 (10.) 
r930 0.17 0.66 0.19 0.21 
r1012 0.58 0.27 0.22 0.15 
variety @ r245 420. 490. 490. 1120. 
1353 540. 530. 3900. (500,000. ) 
376 520. 360. 1240. 450. 
r510 2000. 640. 460. 860. 
r8S8 610. 530. 250. 570 


variety 7 1973 0.01* 0.005* 0.005* 0.01* 
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1240 and 7359). Since only one interval has this value, the possibility 
of smaller values is not ruled out. 


One procedure for measuring the size of the muton requires a group 
of three closely linked mutants in order to compare the long distance 
with the sum of the two shorter ones. If the central mutation has an 
appreciable size, there should be a discrepancy between these values. 
There are eight cases in Fig. 10 for which the distances have been 
measured for three adjacent mutants: 240-359-391, 359-391-279, 
391-279-271, 279-271-539, 271-539-385, 385-155-131, 155-131-596, 
131-596-106. The discrepancies for these groups are, reading from left 
to right, + 0.14, — 0.03, — 0.02, — 0.03, — 0.02, — 0.03, + 0.03, and 
+ 0.05 per cent recombination. The average of these values is + 0.01, 
with an average deviation of + 0.05. Since each measurement of 
recombination frequency is subject to experimental error of the order 
of 20 per cent of its magnitude, these determinations of mutation size 
(each derived from three measurements) are uncertain to plus or minus 
about 0.05 per cent recombination. Therefore, the latter is the smallest 
upper limit than can be set upon the size of the muton by these data. 

Another measure of muton size can be attempted by finding the 
number of species that can exist within a given length of the map. As 
shown in Fig. 10, a map length of 0.8 per cent recombination includes 
9 separable mutant species, or no more than 0.09 per cent per species. 
Both this determination and the previous one suffer uncertainty due 
to imperfect additivity of map distances (‘negative interference’— 
see Discussion). 

Stable Mutants. 
Since the problem of mapping large numbers of mutants is greatly 


facilitated by the use of “deletions,” particular attention has been paid 
to non-reverting mutants, in the hope of obtaining a complete set of 





Fic. 10. Map of the mutants in the 7164 segment. The numbers give the percent- 
age of recombination observed in standard crosses between pairs of mutants. The 
arrangement on this map is that suggested by these recombination values; it has 
not yet been verified by three-point tests. Stable mutants are represented as bars 
above the axis; the span of the bar covers those mutants with which the stable 
mutant produces no detectable wild recombinants. The stable mutant 7928 appears 
to be a double mutant having one mutation at the highly mutable 1131 location 
and a second mutation at a point in the B cistron. Mutants r131 and 1973 are 
separated on the map so that the data for each can be indicated. Some of the 
data here given differ from (and supersede) previously published data based upon 
unconventional crosses which turned out to be incorrect. 


88 THE CHEMICAL BASIS OF HEREDITY 


overlapping deletions. Among the series of 923 r mutants, 72 stable 
rII mutants were found, 47 in the A cistron and 24 in the B cistron. 
One mutant (7928) was exceptional: it failed to complement mutants 
of either the A or B cistrons and therefore belongs to both classes. 

The stable mutants of the B cistron have been crossed (by spot 
tests on K plus B) in all possible pairs. The results are shown in Fig. 11. 
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Fic. 11. Recombination matrix for stable mutants of the B class. A + indicates 
production of wild recombinants (around 0.01 per cent recombination or more 
would be detected) in the cross between the indicated pair of mutants (by spot 
test on K plus B). All diagonal elements (self-crosses) are zero; non-diagonal 
zeros indicate overlaps. Two of the mutants are derived, not from the original 
wild type, but from a revertant of r199. 


89 


ZER 


7 
uN 
i 


E 


JUR B 


SEY M( 


1174) 661 


4 
[Z0z) 
[529] 
[zr] 
[29¢] 
[zed 
Czoi) 


(zs) 
Sa 


(‘uo1jslo gq spenbe ssvpo gq :UOIjsIo Wy spenba ssejo y) 
‘dew ay} uo paoseyd aq 04 Way} jtutded 0} s19Y}O AUB O} VSO[D ATJUBTOYJNS JOU B1oM SsBlO | I} 
jo xIS puv ssepo YW ay} JO sjUBINU 9/qGEIs UAT, “poyst[qejso JOU st YOryM JO Jop1o [RUAa}UT ayy 
‘sdnois a}eorpul sjoyoeagq “Apavapo sdrysuoneyert deptaaAo oy} MOYS O} JopsoO UL Pd}tOjstp JBYAs 
-aU0S SI [BOS BY], “SIXB ay} UO UMOYS S}URINUI ay} IOF (fF) UUBUIBOG Aq peysITqejse yey} uodn 
spusdap uMOYs Jap10 ayy ‘sdvS ouos Ulewlal day} BOUT “AoYJO Yow Ivou pooeyd a1B syuNoWe 
[jews sonpoid yoryM siteg “UoTyRInSyuoD SutddepivAO Ul UMBIP o1B JOJO YoVo YILM s}ueU 
-IquiOdo1 P[IM OU Suronpoid syuRjNpL ‘syUR NUE 774 I[Qeys JO SUOTPROO] AIBULUTT[IIg 


ZI “Ol 





86¢ S99 








eee 
12 O2e soe Sri 891 





90 THE CHEMICAL BASIS OF HEREDITY 


Overlapping relationships are indicated by non-diagonal zeros. Fig. 12 
shows the genetic map representation of these results together with the 
results derived from an analysis (as yet incomplete) of the stable 
mutants of the A cistron. Unfortunately, gaps still remain in the map. 

The mutant 7638 is of particular note. No B class mutant has been 
found that gives wild recombinants with it, so that it appears to be 
due to deletion of the entire B cistron. In spite of this gross defect, it 
is capable of normal reproduction on £. coli strains B and 8. 

In order to characterize a stable mutant of a “deletion” type, it is 
necessary to show that it gives no wild recombinants with at least 
three other mutants that do give recombination with each other (to 
exclude the possibilities that it is a double mutant or has an inversion). 
This criterion cannot be applied unless a suitable set of three mutants 
is available. Only some of the stable mutants (164, 184, 221, 196, 782, 
638, 832, 895, 951) have as yet been shown to satisfy this criterion. 

Stable mutations tend to occur “all over the map.” However, as in 
the case of reverting mutants, certain localities show a strikingly high 
recurrence tendency, as illustrated by r102, et al., and by 7145, et al. 


Discussion 


Relation of Genetic Length to Molecular Length. 


We would like to relate the genetic map, an abstract construction 
representing the results of recombination experiments, to a material 
structure. The most promising candidate in a T4 particle is its DNA 
component, which appears to carry the hereditary information (6). 
DNA also has a linear geometry (20). The problem, then, is to derive 
a relation between genetic map distance (a probability measurement) 
and molecular distance. In order to have a unit of molecular distance 
which is invariant to changes in molecular configuration, the interval 
between two points along the (paired) DNA structure will be expressed 
in nucleotide (pair) units, which are more meaningful for our purposes 
than, say, Angstrom units. 

Unfortunately, present information is inadequate to permit a very 
accurate calculation to be made of map distance in terms of nucleotide 
units. First, it is not known whether the probability of recombination 
is constant (per unit of molecular length) along the entire genetic 
structure. Second, there is the question of what portion of the total 
DNA of a T4 particle constitutes hereditary material (for a discussion 
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of this problem, see the paper by Delbriick and Stent in this volume). 
The result of Levinthal’s elegant experiment (11) suggests a value of 
40 per cent. Since the total DNA content of a T4 particle is 4 « 10° 
nucleotides (8), it would seem that the hereditary information of T4 
is carried in 1.6 X 10° nucleotides. We do not know, however, whether 
the information exists in one or in many copies. If there is just one 
copy, and if it has the paired structure of the model of Watson and 
Crick (20), the total length of hereditary material should be 8 < 104 
nucleotide pairs. 


There are difficulties on the genetic side as well. The total length 
of the genetic map is not well established. The determination of this 
length requires a number of genetic markers sufficient to define the 
ends of the map. It also requires a favorable distribution of markers 
in order that the intervals between them can be summated; if the 
distance between two markers is sufficiently large, the frequency of 
recombination between them approaches that for unlinked markers and 
therefore loses its value as a measure of the linkage distance. Unfortu- 
nately, the linkage data presently available for T4 leave much to be 
desired. The experiments of Streisinger (18) indicate that the map of 
T4 consists of a single linkage group. Adding up the intervals between 
markers (corrected for successive rounds of mating according to the 
theory of Visconti and Delbriick, 19) leads to a total value of the 
order of 200 per cent recombination units. This estimate is very rough, 
since the number of available markers upon which it is based is small. 


A further difficulty arises from the fact that the map distances 
measured in standard crosses are not quite additive: a large distance 
tends to be less than the sum of its component smaller distances. For 
distances of the order of 10 per cent recombination units and more, the 
deviations from additivity, referred to as “negative interference,” can 
be accounted for by the Visconti-Delbriick considerations. However, a 
“negative interference” effect, not accountable for by their theory, per- 
sists, and apparently gets worse, at very small distances (4). This 
presents a serious obstacle for our purposes, since we are interested in 
knowing what fraction of the total map is represented by a small 
distance, According to preliminary data on this point, summation of 
the smallest available distances between r/J mutants yields a total 
length for the rJJ region which is several fold greater than that found 
for crosses involving distant rIJ markers. If the total T4 map length 
could be obtained by a similar summation of small distances, the indi- 
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‘ations are that it might be of the order of 800 per cent recombination 
units in length. 

Thus, there are plenty of uncertainties involved in relating the 
eenetic map quantitatively to the DNA structure. The best we can do 
at present is to make a rough estimate based upon the following 
assumptions: (1) the genetic information of T4 is carried in one copy 
consisting of a DNA thread 80,000 nucleotide pairs long; (2) the 
genetic map has a total length of about 800 per cent recombination 
units; (3) the probability of recombination per unit molecular length 
is uniform. According to these assumptions, the ratio of recombina- 
tion probability (at small distances) to molecular distance would be 
800 per cent recombination divided by 80,000 nucleotide pairs, or 0.01 
per cent recombination per nucleotide pair. That is to say, if two 
mutants, having mutations one nucleotide pair apart, are crossed, the 
proportion of recombinants in the progeny should be 0.01 per cent. 
This estimate is greater, by a factor of ten, than one made a year ago, 
in which it was assumed that all the DNA was genetic material and 
that the effect of negative interference was negligible. It should become 
possible to improve this calculation as more information becomes 
available. 

The estimate indicates that the level of genetic fine structure which 
has been reached in these experiments is not far removed from that of 
the individual nucleotides. Furthermore, the estimate is useful in that 
it defines an “absolute zero” for recombination probabilities: if a cross 
between two (single) T4 mutants does not give at least 0.01 per cent 
recombination, the locations of the two mutations probably are not 
separated by even one nucleotide pair. 


Molecular Sizes of the Genetic Units. 


Recon: The smallest non-zero recombination value so far observed 
among the r/J mutants of T4 is around 0.02 per cent recombination. If 
the estimate of 0.01 per cent recombination per nucleotide pair should 
prove to be correct, the size of the recon would be limited to no more 
than two nucleotide pairs. 


Muton: Evidently, among the stable mutants, mutations may 
involve varied lengths of the map. The muton is defined as the smallest 
element, alteration of which can be effective in causing a mutation. In 
the case of reverting mutants, it has not been possible, so far, to demon- 
strate any appreciable mutation size greater than around 0.05 per cent 
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recombination. This would indicate that alteration of very few nucleo- 
tides (no more than five, according to the present estimate) is capable 
of causing a visible mutation. 


Cistron: A cistron turns out to be a very sophisticated structure. The 
function to which it corresponds can be impaired by mutation at many 
different locations. In the study of 241 r mutants, 33 species were 
found to be located in the A cistron, of which 6 were in the 7164 subclass. 
In extending the survey to 923 r mutants, the number of known species 
in the 7164 subclass was doubled. Consequently, it may be expected 
that about 60 A cistron species will be found—when the analysis of the 
923 mutants is completed. Since many species are represented by only 
one occurrence, implying that many more are yet to be found, it seems 
safe to conclude that in the A cistron alone there are over a hundred 
“sensitive” points, i.e., locations at which a mutational event leads to 
an observable phenotypic effect. Just as in the case of the entire genetic 
map of an organism, the portrait of a cistron is weighted by considera- 
tions of which alterations are effectual. It should be fascinating to try 
to translate the “topography” within a cistron into that of a physio- 
logically active structure, such as a polypeptide chain folded to form 
an enzyme. 
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CROSSING OVER AND GENE CONVERSION IN 
NEUROSPORA* 


HerscHeEL K. MircHELL 
Kerckhoff Laboratories of Biology, 
California Institute of Technology, 

Pasadena, California 


THE EXPERIMENTAL findings which are reviewed here demonstrate that 
apparent genetic recombination can be derived by a mechanism which 
is different and distinguishable from that of crossing over. That such 
an accessory mechanism exists has been maintained for a number of 
years by Lindegren (12, 13), who has adopted earlier terminology and 
referred to the process as “gene conversion.” This nomenclature has 
been adopted following the elegant demonstration of aberrant recombi- 
nation in Neurospora by M. B. Mitchell (14-16, 19). 

Gene conversion appears to be a special kind of mutation, and its 
results can easily be confused with those of crossing over. For this 
reason it is of particular significance in problems concerned with the 
distinction between the concept of multiple allelic series and that of 
linear clusters of genes with similar functions. Unfortunately, present 
genetic methods do not permit an adequate discrimination between 
these two concepts in all organisms. Nevertheless, the fact that con- 
version can be demonstrated when methods are adequate suggests that 
a careful reexamination of procedures for detecting crossing over is in 
order. For this reason a brief recapitulation of some well-known prin- 
ciples follows. 


The Origin of Recombinant Forms. 


Genetic analyses in many organisms depends on statistical eonsid- 
erations of the ratios of various kinds of progeny obtained from a cross 
(see Emerson, 5, for an excellent review of the genetics of micro- 
organisms). Such a procedure does not demonstrate the mechanism 
by which the segregation of genetic markers occurs. When reciprocal 
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recombinant progeny occur in equal numbers, but in a small proportion 
in relation to the total number, it is usually assumed that the recombi- 
nants originate by crossing over between genes located on the same 
chromosome. Further confidence in the validity of this assumption can 
be derived by obtaining predictable ratios of the original parental types 
in backcrosses and outcrosses. The demonstration that linked markers 
segregate regularly is essential to a well-founded interpretation of data. 
This general method has yielded very extensive and self-consistent 
chromosome maps, and in some organisms, and with respect to some 
genetic loci, the genetic data have been very favorably correlated with 
changes observed cytologically. These methods and assumptions are 
therefore generally satisfactory, but they may not detect exceptional 
phenomena, especially if short-cuts in analyses are used. In addition, 
even if equal numbers of recombinant types are obtained in adequately 
marked strains and backcrosses yield expected results, there is no 
proof from random progeny that any two reciprocal recombinants arise 
from the same meiotic event. 

Since current experimental work shows that all apparent recombi- 
nant forms do not arise from crossing over, the organisms in which it is 
possible to observe all the products from a single meiotic process 
become especially useful for studies of irregularities. These organisms, 
such as Neurospora, yeast, Chlamydomonas, and a variety of others, 
undergo meiosis in separate closed systems which remain closed until 
mature progeny are produced. In such systems the simultaneous pro- 
duction of reciprocal recombinant progeny shows their origin in a 
single meiotic process in a direct way. The familiar picture of the 
process in Neurospora crassa is shown in Fig. 1. 


GENE CONVERSION IN Neurospora 


Published data which establish that gene conversion is a significant 
process in Neurospora (14-16, 19) have been supplemented, but only a 
brief summary of the essential details of the investigations will be 
presented here. 

The production of what appeared to be recombinant progeny from 
crosses that were heterozygous for genes thought to be alleles at the 
pyrimidine-3 locus was first noted. The constitution of the cross is 
indicated in Fig. 2. As shown in the figure, two classes of apparent 
recombinant progeny were observed with about equal frequency, 
whereas one or the other should have predominated if pyrd and pyra 
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Fic. 1. A diagrammatic illustration of meiosis in Neurospora, showing the 
formation of all the products in a closed system. Normal ascospores are all black 
and varieties of shading are used here to indicate the four spore pairs, from left 
to right, as parental, double recombinant, wild recombinant, and parental. Tetrad 
segregation is shown at the right with a crossover between two linked genes. With 
close linkage this type of ascus is rare, but with crossing over as illustrated both 
recombinants are present. 
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represent loci separable by crossing over. Unfortunately, these mutants 
are self-sterile; and closely linked markers distal to the pyrimidine-3 
locus are not available so that a complete analysis of this situation was 
not possible. The investigation was continued by making use of 
distinguishable alleles at the pyridoxine locus. Four alleles at this 
locus, are known, as are appropriately spaced markers (Fig. 2). 
Furthermore, the pyridoxine-requiring mutants are fertile in self 
crosses, and this system therefore permits a thorough and complete 
analysis of the origin of the apparent genetic recombinants that are 
produced. A summary of pertinent data obtained from observations of 
random progeny from crosses containing pdx and pdxp is given in 
Fig. 2. As shown, neither of these mutants gave rise to apparent recom- 
binants in self crosses, but the heterozygous cross yielded non- 
pyridoxine progeny of four classes. Two of these represent parental 
and two represent crossover classes with respect to the marker genes. 
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PYRIMIDINE-3 LOCUS PYRIDOXINE LOCUS 
ALLELES- ALEELES= 
pyr a,b,c,d,+ pdx, pdxp, pdxq,+ 
CROSS - CROSS - 
co pyrd pyr pdxp + 
+ pyra + pdx co 
TOTAL PROGENY TOTAL PROGENY 
32,080 66,959 
++ 19 pyre ++ S20 a 
cot 12 8 ++co 29 2 
w pyr + co Sc 
+++ 3¢ © 
SELES SEL : 
STERILE pox-—— 39,65! Fs 
28 
pdxp— 37,081 = w 


Fic. 2. Data from random progeny which are indicative of gene conversion. An 
association of conversion with crossing over is shown by the ratios of not- 
pyridoxine offspring. Markers are co (colonial) and pyr (pyrimidine 1). 


These results, like those observed in studies of the pyrimidine-3 locus, 
are not compatible with a representation of pdx and pdxp as two loci 
separable by crossing over, since double crossovers within a short region 
would have to be as frequent as singles to yield the tabulated ratios 
of progeny. The data are consistent with the origin of the apparent 
recombinant forms through some form of mutation resulting from a 
process dependent on heterozygosity at the altered locus. In spite of 
this fact, it is clear that there is a relation between crossing over and 
the origin of the apparent recombinants. As shown by the data, 
nearly half of the non-pyridoxine offspring show that a crossover 
between the markers (pyrd and co) had accompanied their production, 
and the results indicate that an event that can lead to crossing over 
in the vicinity of the locus subject to mutation provides favorable 
conditions for consummation of the mutation. 


These results from studies of random progeny demonstrated clearly 
that further analysis was needed to provide an adequate definition of 
the phenomenon. If the apparent recombinants had arisen by crossing 
over between two very closely linked but related genes (pdx and pdxp), 
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then double mutant recombinants should also be found and in numbers 
equal to those observed as non-mutants. Since double mutants might 
not be easily recognizable among random progeny, and since proof of 
their existence still would not prove the nature of their origin, changes 
at the pyridoxine locus were examined by tetrad analysis. 


Conversion in Tetrads. 

The informtion derived from studies of random progeny such as 
that given above is only suggestive, and a definitive demonstration 
of the conversion phenomenon can only be obtained by an examina- 
tion of all progeny obtained from the same meiotic process. This is 
technically tedious but necessary, as shown by the fact that it is this 
method that has yielded a clear description of the conversion phenome- 
non in Neurospora (14, 15). ; 

In the initial experiments, among 585 asci which yielded germinated 
spores for all members of the tetrad, 4 asci were found to contain con- 
version types of spore pairs. This corresponds to approximately the 
same proportions of conversions that were indicated by the observa- 
tions with random progeny. The parental genotypes used for this 
purpose are shown at the top in Fig. 3. Only two of the conversion asci 
obtained are used here for illustration. As shown in Fig. 3, the tetrad 
represented by ascus 1 contains three parental types and one in which 
pdxp has been apparently changed to wild-type. On the other hand, 
ascus 2 contains two pairs of phenotypically pdzp offspring, but one of 
the spore pairs expected to have the pdx phenotype has been replaced 
by a pair having a non-pyridoxine phenotype. Each ascus therefore 
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Fic. 3. Examples of gene conversion in tetrads. Each tetrad shows one apparent 
wild recombinant pair and three mutant pairs. 
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contains (pair 3 in each) one of the recombinant types that might be 
expected if pdx and pdxp were closely linked genes separable by cross- 
ing over. If this were true then each ascus would have the reciprocal 
recombinant double mutant with respect to pdx and pdxp. This leads 
to the dilemma illustrated in Fig. 4, where it is assumed for the 


ASSUME —- Two Loci 
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+ + pdxp co 
CNA ety aes 7 
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ASCUS | !pyr pdx + + | pyr pdx pdxp +1 + + + co + + pdxp co 
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BACK CROSSES 


pdx pdxp 


Cf = ae 


Fic. 4. Results of tetrad analysis expected if pdx and pdxp represented different 
genetic loci. The proof for the absence of a double mutant (pdx pdxp) in the 
tetrads is illustrated (see text). 


moment that the two genes do represent different loci. As shown, the 
two asci described in Fig. 4 could be derived by the same two-strand 
double crossover (an improbable event) and the second pair in each 
case would be the double mutant in question. But, as already indicated, 
pair 2 of the first ascus has the phenotypic character of pdx and pair 2 
of the second ascus has the phenotype of pdxp. Yet, by the assumption 
of two loci these two pairs should have identical gene constitutions. 
Obviously this renders the assumption of two loci improbable; but a 
still more exacting test that effectively eliminates the two loci concept 
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has been carried out. All progeny from all aberrant tetrads that have 
been isolated (7 tetrads at present from a total of 1200 asci) were 
backcrossed or outcrossed. As shown at the bottom of Fig. 4, a back- 
cross of a double mutant to either parent would be equivalent to self- 
crosses which have been shown to give no apparent recombinants 
(Fig. 2). The results of these experiments demonstrated that all pheno- 
types correspond to genotypes. That is, all progeny with the pdx 
phenotype gave apparent wild recombinants in crosses to pdxp but none 
in crosses to pdx. In like manner, wild recombinants were obtained 
from progeny that were pdxp in phenotype only when they were 
crossed to pdz. 

It should be noted that most of the asci isolated showed normal 
segregations of all of the markers present, including pdx and pdxp. 
The expected number showed crossover types with respect to the 
markers. Thus recombination by crossing over is the usual process 
even though exceptions occur. 

As stated previously, only part of the available experimental evi- 
dence has been reviewed here. It is of interest to point out that gene 
conversion is also indicated in crosses heterozygous with respect to a 
third pyridoxine mutant (pdxq) and the wild allele. On the basis of 
all of these experimental findings it is considered here that pdx, pdxp, 
pdxq, and the corresponding non-mutant locus represent a series of 
alleles or similar genes at the same locus, in so far as crossing over is 
concerned, The findings are not consonant with the assumption of a 
gene cluster or a group of subgenes which are separable by crossing 
over, and they provide conclusive evidence for the existence of the 
gene conversion process in Neurospora. 


SEPARATION OF THE CROSSING OVER AND 
GENE CONVERSION PROCESSES 


It has already been indicated that crossing over and gene conver- 
sion represent different phenomena but that crossover conditions favor 
simultaneous gene conversion, It is highly desirable to obtain a further 
understanding of this relationship and to provide means by which 
these processes can be studied separately. This is important from both 
theoretical and practical standpoints. In connection with the latter 
it is to be hoped that methods ean be devised for distinguishing eross- 
ing over from gene conversion that will be applicable in organisms in 
which tetrad analysis is not possible. A step in this direction has been 
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taken, though it is obviously a limited one at present, by studies of 
heat-shock effects on mutation, gene conversion, and crossing over in 
Neurospora. A review of the pertinent data obtained in recent studies 
on this problem follows. 


Heat Shock and Mutation. 

Experiments on the effects of heat shock on Neurospora were designed 
for purposes other than a study of gene conversion, but some of this 
background is important for the subsequent discussion. For example, 
data on the resistance to heat treatments of germinating conidia are 
summarized in Fig. 5. To obtain these results conidia from 4-day-old 
cultures of the colonial mutant C-102 (18) were suspended in 100 ml. 
of Fries minimal medium (1) (10° conidia per ml.) after filtration to 
remove bits of mycelium. The culture was aerated, and at each of the 
time intervals indicated in the figure a 1 ml. sample was removed and 
mixed quickly with 9 ml. of sterile water or medium that had been 
equilibrated at 60° C. Aliquots of hot suspension were removed after 
30, 60, and 120 seconds in a water bath maintained at 60° C. These 
samples were pipetted directly into cold water for appropriate dilu- 
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Fic. 5. The sensitivity of Neurospora conidia to heat treatments. Incubation 
time of conidia is indicated on the horizontal axis. The three curves show ve 
: "es nts pat, BG Se) oo 20 seconds. 
percentage of survivors after heat treatments at 60° C. for 30, 60, and 120 s 
The colonial strain C102 was used for the experiments. 
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tions and platings on minimal agar medium. Observations and counts 
were made after one-day and two-day incubations at 32° C. 

The data show striking changes in the heat sensitivity of the conidia 
as germination is initiated. This is shown especially well by the curve 
representing the 30-second heat treatment, where the percentage of 
survivors drops very quickly after 2 hours, from 100 per cent to about 
2 per cent. During the total 4-hour period no hyphae are produced, 
but the conidia swell to about twice the original diameter and presum- 
ably drastic biochemical changes are in progress. An additional obser- 
vation of significance is that nearly all colonies were of normal size 
when survival was 100 per cent, but about 50 per cent of the colonies 
from cultures derived from periods of rapid killing grew very slowly 
for several days. Of about 100 of these which were isolated, all but 
12 recovered normal growth rates in subcultures. 

These experiments suggest that heat shock increases mutation rate 
and in addition causes a persistent but not a permanent destruction of 
systems that are essential for normal growth. The latter could be a 
cytoplasmic, nuclear, or combined effect. Also, the experiments demon- 
strate the need for careful timing in studies of mutation by heat shock. 


Mutants from Ascospores. 


Since conidia are usually multinucleate, crosses were made using 
heat-treated conidia or protoperithecia (wild strains), and the asco- 
spores produced were plated and allowed to germinate on minimal 
medium. Progeny so derived are expected to be genetically pure. 
Visible mutants were then counted after a 16-hour incubation period 
according to the procedure that has been described previously for the 
isolation of mutants after treatment with ultraviolet radiation (10). 


To prepare crosses conidia were treated at 60° C. as described above, 
although, so far, only pregermination periods of less than 20 minutes 
have been used. Treated conidia were pipetted directly into tubes con- 
taining 3-day-old protoperithecia on a standard crossing medium (25). 
Ixcess liquid was decanted. Protoperithecia were treated by placing 
cultures in a water bath maintained at 60° C. with a simultaneous 
addition of sufficient equilibrated, distilled water to cover the culture. 
Tubes were removed from the bath and the water decanted after differ- 
ent intervals of time. The cooled cultures were then fertilized with a 
water suspension of conidia of the opposite mating type. All cultures 
were then incubated for about three weeks to permit the formation of 
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ascospores and their ejection from the perithecia. Random spores were 
then suspended in water, plated on minimal medium, and the total num- 
ber and the number of visible mutants were determined by counting. 


. A summary of data obtained by administering a heat shock to conidia 
is given in Fig. 6. Each experimental point was obtained from counts 
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Fic. 6. Visible mutants produced by heat treatments of conidia of wild-type 
Neurospora. Counts of mutants were made from germinated ascospores obtained 
after fertilization of protoperithecia with conidia heated at 60° C. for the indicated 


periods of time. Each point was derived from a separate cross, and counts of 
9,000 to 16,000 germinated spores were made for each. 


of a total of approximately 9,000 to 16,000 progeny from each cross. 
Four independent experiments have been carried out and the results 
are qualitatively like those shown in the figure. In each case short 
treatments caused a reduction in the number of mutants observed, 
while longer treatments resulted in an increase. Morphological and 
nutritional mutants have been isolated from heated material, but these 
represent only a small proportion of the total, as has been observed 
previously following treatments with ultraviolet radiation (10, 17). 
The majority of mutants isolated were found to be lethals or to be 
unstable. Details will be considered elsewhere. 
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These results, which show a systematic variation in the proportion 
of mutants among the progeny obtained from crosses prepared from 
heat-treated conidia, are of particular interest in relation to the prin- 
cipal subject of this report. It should be noted that the heat treatments 
were applied prior to fertilization and thus prior to meiosis, but it is 
not necessarily true that mutants were eliminated or induced at the 
time of treatment. 


Heat Treatments and Gene Conversion. 


Since gene conversion seems to be a kind of mutation in some way 
related to crossing over, and since heat shock presents a relatively mild 
means of inducing mutations, experiments were designed to test the 
effects on gene conversion and on crossing over simultaneously. All 
the experiments described here deal with the pyridoxine locus and the 
alleles pdx and pdrp. Only the mutants pyr pdrp + and + pdx co 
have been investigated thus far, and in most cases pyr pdxp + has 
been used as the protoperithecial parent and + pdz co as the conidial 
or fertilizing parent in crosses. Gene conversions at the pdx locus are 
most readily detected by observations of ascospores that have germi- 
nated on minimal medium supplemented with uridine. Phenotypes 
derived from conversions to wild are then either wild or colonial, and 
they are very readily distinguished from both classes of pyridoxine 
mutants directly on agar plates. Adequate confirmation of the validity 
of this procedure has been presented (14, 15). By using progeny from 
the same crosses from which conversion frequency is determined, it is 
a simple matter to measure the extent to which crossing over occurs 
between the pyr and co marker genes. This is done by counts of 
ascospores germinated on minimal medium supplemented with pyri- 
doxine. The map distances given here are based on counts of wild 
crossover types and the colonial parental type, among a total of 2.000 
to 3,000 spores, for each determination. 


A summary of data derived from heat treatments of pyr pdxp + 
protoperithecia is presented in Fig. 7. Results of two independent 
experiments on conversion are given. The lower curve is derived from 
data obtained from crosses made on cornmeal agar, and each point was 
determined from counts of a total of from 9,000 to 16,000 germinated 
spores. The upper curve is derived from data obtained from crosses 
made on synthetic medium (25) supplemented with uridine and 
pyridoxine, and from 9,000 to 23,000 progeny were counted to deter- 
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Fic. 7. The influence of heat shock on gene conversion and on crossing over. 
Protoperithecia were heated at 60°C. for the indicated periods of time. The two 
curves represent data on the production of apparent recombinants in two separate 
experiments. Each point was determined by counts of a minimum of 9,000 germi- 
nated ascospores. At 60 seconds the count for the upper point was 23,950 and the 
lower 13,054. Map distances after each treatment are indicated by the numbers 
below the graph. Crosses—pyr pdxrp + protoperithecia X + pdx co conidia. 


mine each point. At present the difference between these two condi- 
tions for crossing appears to be due to the fact that the synthetic 
medium promotes a continued formation of protoperithecia after the 
cross is made, while the cornmeal agar does not. On cornmeal agar no 
cross at all was obtained with heat treatments of protoperithecia longer 
than 60 seconds, while longer treatments with synthetic medium yielded 
secondary overgrowths and profuse crossing after a delay of several 
days. It appears that the protoperithecia present at the time of treat- 
ment are rendered non-functional by 90-second heating if either 
medium is used. 

Crossover data as well as conversion figures are included in Fig. 7. 
As shown, there is no significant change in the map distance between 
the pyr and co markers as a result of the heat shock treatments. These 
results provide an effective supplement to the direct genetic data 
that demonstrate a distinction between gene conversion and crossing 
over phenomena (14-16, 19). 

Further evidence, with a significant variation, was obtained by 
observations of progeny from crosses made using heat-treated conidia 
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and untreated protoperithecia. In this system it is expected that all 
perithecia are derived from fertilization of surviving nuclei of the 
treated conidia, and secondary growth and subsequent crossing do not 
contribute a significant number of progeny. The results of one such 
experiment are summarized in Fig. 8. Two other independent experi- 
ments gave qualitatively similar results, but in one case the maximum 
frequency of loss of the pdx mutant was only about three times that 
of the control. These experiments indicate that heat treatments of 
conidia also cause an initial reduction in the conversion rate without 
making any alteration in the frequency of crossing over, Just as was 
observed with treated protoperithecia. 
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ne 1G. 8. The influence of heat shock on gene conversion and crossing over 
Conidia were heated at 60°C. for the indicated periods of time just prior to 
fertilization of protoperithecia. The graph is divided to show both reduction and 
increase in the numbers of apparent recombinant progeny. Each point was deter 
mined by counts of from 9,300 to 16,500 germinated ascospores Map distane ; 
between the pyr and co markers as determined after each rikeieat aie iv 
below the graphs. Crosses: pyr pdxp + protoperithecia X + pdx co pier an 
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Present data are inadequate to establish with certainty the nature 
of the phenomena that give rise to the very large increase and sub- 
sequent decrease of pyridoxine-independent progeny from crosses 
derived from heat treatments longer than 60 seconds. Limited infor- 
mation indicates that conversion rather than random back-mutation 
is involved. The greatest increase in pyridoxine independence is in 
the pyr-containing parental type and not in the co-containing type. 
This is in spite of the fact that it was the co parent that was subjected 
to heat treatment. Random mutation induced in this fashion seems 
unlikely and if it occurred, half of the progeny in one perithecium 
should be pyridoxine-independent. Although only a small number of 
individual perithecia have been examined thus far, 38, none has yielded 
a high percentage of pyridoxine-independent progeny, whereas 1 to 3 
might have been expected. One complete ascus containing 3 pyridoxine 
pairs and 1 non-pyridoxine pair was observed, and an excess of 
conversion-type recombinants was found to be well distributed among 
the perithecia examined. Further analysis is required before the nature 
of this phenomenon can be described satisfactorily. 

The data reported above demonstrate one method by which gene 
conversion at the pyridoxine locus can be separated from crossing 
over. In addition they raise the interesting question of mechanism. 
The heat treatments were given before fertilization, and yet it has been 
shown that conversion must occur during meiosis. This occurs several 
hours or days after fertilization, and a delayed effect of the heat 
treatment seems likely even though it is possible that potential con- 
verting genes are eliminated at the time of treatment. The latter 
explanation cannot apply to the experiments with conidia that gave 
rise to numerous changes at the pdx locus which resided in the 
untreated parent in the crosses. Here, some sort of delayed effect must 
be operative. It is of interest to consider some possible mechanisms 
which might result in the observed changes. 


Tuer MerEcHANISM OF CONVERSION 


There remain, at present, a great many potentially informative 
experiments that should contribute to an understanding of the mechan- 
ism of gene conversion. However, it seems quite obvious that this 
kind of change must be intimately related to mutation in general and 
to the processes of gene reproduction and function. Unfortunately, 
these are not well known, and indeed generalizations with respect to 
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any one of these problems cannot be justly made without reservations. 
For example, it is not necessary that two genes function by the same 
process or undergo mutation by the same mechanism. 

In spite of these reservations it is perhaps of value to present some 
suggestions which may be of use in directing experimental endeavors. 
These suggestions have at present no factual support. They are 
purely speculative. 

Gene structure from the chemical standpoint is a matter of great 
importance, but structure only provides a basis for function. It is 
therefore the primary contention of this discussion that problems of 
mechanism concerned with genes can only be resolved in terms of 
metabolic processes. Thus, the immediate biochemical environment of 
a gene is as much a part of the hereditary unit as are the molecular 
structures that are fixed by direct attachment to chromosomes. It is 
assumed here that the biochemical environment includes various diffus- 
ible substances of low molecular weight as well as high molecular 
weight materials such as enzymes. Although the metabolic systems 
associated with genes may be more specialized than those outside of 
the nucleus, it is to be expected that the same biochemical principles 
are applicable. Perhaps transfer reactions involving diffusible sub- 
stances and enzymes are especially prominent in gene-associated 
metabolism, It is not assumed here that template mechanisms or desig- 
nation of structure of macromolecules in a single operation are neces- 
sarily a part of a metabolic-genie process. Nor is it assumed here that 
there is necessarily a linearity of functional portions of a gene. 


With these postulates in mind it is a relatively simple matter to 
devise schemes, based on analogies with well-established biochemical 
systems, which can account for gene conversion. In addition they can 
be rationalized into a unitary picture which can describe, in the same 
system, the processes of mutation, gene reproduction, the production of 
agents that control metabolic reactions, and a variety of other more 
specific genetic phenomena. However, the principal interest here is 
gene conversion; and it is not the intent of the present discussion to 
speculate at length on a general basis. This ean be done in good time 
and more realistically if and when a sound basis for the basie prin- 
ciple (the existence and nature of gene-associated metabolic systems) 
becomes established. 

In relation to gene conversion the subsequent discussion considers two 
possible variations on the theme of gene-associated metabolic systems. 


HERSCHEL K. MITCHELL 109 


1. It is assumed that heterozygous crosses in which conversion 
occurs involve genes which have complementary functional 
groups whose specificities increase the rate of mutation bv 
group transfer, mediated by a metabolic system that is always 
present. This proposal is more or less an amplification of the 
copying schemes that have been suggested (9, 14). 

2. It is assumed that a pair of genes which give rise to conversion 
do not necessarily carry complementary structures, but that their 
structures are such as to influence the localized metabolic system 
to produce mutational changes. This can be visualized in terms 
of a relative lack of specificity of functional groups in transfer 
reactions or in terms of localized accumulations or deficiencies 
of parts of the gene-associated metabolic systems. 


Diagrammatic descriptions of these postulates are indicated in Figs. 
9 and 10. Fig. 9 refers principally to the first suggestion, but the 
second is included if #, or R, are relatively non-specific or have type 
reaction specificities. It is considered also that it is possible for 2yR, 
to react directly with G to give GR, if conditions of the metabolic 
system are suitable (direct mutation). In part C of Fig. 9 the reaction 
of activated R, to give a new gene is considered to be limited by 
spatial factors, and the reaction requires that the two components 
be in intimate adjacent positions, perhaps such that an intermediate 
bridge can be formed in the reaction. No such limitation is proposed 
for transfer of R to the diffusible CA component, and this can proceed 
at a rapid rate. 


The diagram of Fig. 10 is directed more specifically at gene conver- 
sion than is Fig. 9, but only the minimum of complexity is considered. 
That is, transfer of only one functional group by action of only one 
enzyme is shown. The solid arrows indicate transfer by activation 
through existing complementary groups in the heterozygous system, 
while no such change can occur in the homozygous situation (postulate 
1). The broken arrows indicate reaction without activation (spon- 
taneous mutation). In accordance with postulate 2 it is considered that 
the heterozygous situation may influence the relative concentrations 
of components of the metabolic system such that the reaction (spon- 
taneous mutation) will occur more frequently (or less). The notion 
that such an altered metabolic system may provide an especially active 
R group by its own interactions is also included here. In addition it is 
considered possible that the transfer of R groups can be equivalent to 
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Vic. 9. A scheme indicating a possible mechanism for participation of presumed 
metabolic systems in the processes of gene mutation and function. A detailed 
description of the suggested scheme is given in the text. 


alterations of existing structures with respect to spatial configuration 
but still under the influence of gene-associated metabolic systems. 

These speculations, which consider that a metabolic halo is as much 
a part of a gene as is the chemical’structure of the gene itself, can only 
be of value if such systems can be found and investigated on an experi- 
mental basis. This may be difficult since relatively few molecules of 
reacting components may be all that are needed in one nucleus. Never- 
theless, a positive approach to the problem is indicated. 


THE SIGNIFICANCE OF GENE CONVERSION 


It is premature and difficult to assess the significance of gene con- 
version in relation to current concepts of genetic mechanisms, and it 
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HETEROZYGOUS 


HOMOZYGOUS 


Fic. 10. A scheme indicating some suggestions concerning mechanisms of gene 
conversion. A detailed description of the proposal is given in the text. 


seems clear that the most important problem in this connection is to 
devise ways and means for the recognition of conversion. The method 
described here is not generally applicable, since tetrad analysis is not 
possible in many organisms. Unfortunately, the heat-shock effects 
described here are not definitive since they are surely dependent on 
particular physiological states, and they are only useful in the situa- 
tion described, where crossing over and gene conversion can be observed 
simultaneously. However, this may be a general approach that can be 
developed. That is, if other possible influencing factors such as radia- 
tion and chemical treatments can be shown to produce independent 
and different effects on crossing over and conversion, a generalized 
procedure for distinguishing the two processes might result. An 
approach of this kind appears to be worth trying, but the application 
of such a method would be expected to yield results limited by unavoid- 
able assumptions. Obviously the method of choice for the detection of 
conversion would be one based on a knowledge of the precise mechanism 
of the process, but the author is not prepared to predict just how this 
can be attained at the present time. 


112 THE CHEMICAL BASIS OF HEREDITY 


If gene conversion does occur generally in a variety of organisms, 
there is no question but that extensive reevaluations of a number of 
existing concepts of gene structure and function are in order. Lindegren 
(12, 13) has presented a variety of evidence for the existence of gene 
conversion in yeast, while Roman (21) has described what appear to be 
similar phenomena. In a variety of other organisms some data pre- 
sented can as satisfactorily be interpreted by the assumption of conver- 
sion as by that of crossing over. These include observations upon 
Neurospora (6, 22), Drosophila (4), corn (8), Aspergillus (20), Esche- 
richia coli (9), Bombardia (27), and mosses (26). Clearly, conver- 
sion can be significant in any situation where there is uncertainty 
regarding the origin of observed recombinants, particularly in situa- 
tions of apparent close linkage between genes with similar phenotypic 
effects or in cases of pseudoallelism (7, 11). 

General fields in which gene conversion may be particularly impor- 
tant are those in which it is considered that genetic material can be 
transferred from one cell to another at the molecular level. [See 
numerous reviews in recent symposia (2, 3, 24), including this one.] 
Genetic studies in relation to transformation, transduction, and virus 
reproduction are included here, and it is possible that much of bacterial 
genetics should be also included. In these situations, where it appears 
that only chemical specificity or potential for orientations is supplied 
by a donor, materials to be oriented and metabolic systems concerned 
with the functioning of the donated material must be supplied by host 
cells. It would appear that this is an ideal situation for conversion, and 
such an interpretation would eliminate the apparent necessity for con- 
sidering multitudinous crossing over in very small distances. However, 
to switch interpretations is no better than to switch nucleotides, in the 
absence of definitive experiments. At the present time the demon- 
stration of the existence of gene conversion can only serve as a warn- 
ing for caution in interpretations> reinforcing that already issued by 
Sturtevant (23). 
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GENE CONVERSION AND PROBLEMS OF ALLELISM* 


Patricia St. LAWRENCE AND Davip M. BONNER 


Dept. of Microbiology, Yale University, 
New Haven, Conn. 


AT THE PRESENT TIME contributions to an understanding of the genetic 
material are derived from three rather different approaches: analysis 
of inheritance phenomena; studies of the function of genes in deter- 
mining the phenotype; and investigations of the chemical constitution 
of the gene. All three methods of attack seem to converge in studies 
of allelism. In fact, a precise knowledge of the relationships which 
may exist between alleles of a gene—in any terms from molecular to 
morphogenetic—is an essential requirement of satisfactory genetic 
theory. The advances of the past decade, however, have revealed so 
many unexpected aspects of allelic relationships that even to define 
the term allele is difficult. To provide a basis for discussion, the point 
of view adopted in this paper will be that two mutants are allelic if 
the mutations involved occur in a restricted chromosomal area and 
affect one and the same biochemical reaction. 

Emphasis upon the functional aspect of allelism rather than on the 
classical aspect of hereditary behavior is not entirely arbitrary. In 
many organisms alleles of a locus have generally been shown to deter- 
mine similar phenotypes. Furthermore, the field of biochemical genetics 
has provided abundant evidence that genes control specific metabolic 
reactions. Thus, for example, twenty-five tryptophan-requiring strains 
of Neurospora crassa, all representing mutations in a limited chromo- 
somal area, have been shown to differ from wild-type strains in their 
ability to perform the tryptophan synthetase reaction—the coupling 
of indole and serine to form tryptophan (26). Only two of the mutants 
are capable of any growth in the absence of exogenous tryptophan. 
The enzyme responsible for the coupling reaction, tryptophan syn- 
thetase, is readily detected in extracts of wild-type strains, but no 


* The original investigations described from the authors’ laboratory were sup- 
ported in part by the Atomic Energy Commission (Contract No. At (30-1) 1017), 
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appreciable enzymatic activity has been found in extracts of twenty- 
four of these td mutants (26). Therefore the td mutants are clearly 
allelic, in the sense defined above, since a direct correlation between an 
alteration within a limited chromosome area and the ability to perform 
a specific metabolic reaction has been shown. 


Nevertheless, some of the td mutants may be distinguished from 
others, and it is probable that increasingly sensitive methods of analysis 
will reveal additional differences between the remaining mutants. Four 
mutants exhibit a partial restoration of enzymatic function and of 
ability to grow on minimal medium if they carry a suppressor muta- 
tion (26). In some cases, the action of the suppressors appears to be 
specific, and an elevation of tryptophan synthetase activity is shown 
only, by the mutant strain in which the suppressor originated. It is 
therefore clear that mutant alleles may lead to different alterations 
of a metabolic reaction. 

It should be emphasized, however, that observations of a rather 
direct correlation between a biochemical alteration and allelic differ- 
ences do not rule out the possibility that other types of relationships 
between genes and enzymes may exist. It is not clear at present whether 
all parts of the genetic material control specific biochemical reactions 
nor, indeed, to what extent all enzymes and biochemical reactions are 
under genetic control. In most instances the material selected for 
study and the methods employed militate against recognition of any 
minor effects on other enzymes in addition to the one under immediate 
investigation. Indeed, so compelling is the evidence of biochemical 
genetics, that, if an apparent case of one gene controlling two enzymes 
were to occur, it would probably be classified as involving secondary 
effects of a primary mutation or be ascribed to two closely linked 
genes. Experimental discrimination between these possibilities 1s clearly 
exceedingly difficult. 

It is furthermore not clear at present whether the rather direct and 
quantitative gene-enzyme relationship characteristic of the td alleles 
is sufficient to explain the generally observed pleiotropic effects of 
allelic systems in higher organisms. Many examples are known of 
gene and allele clusters which appear to function in a highly organized 
way in the determination of complex phenotypes (10, 1) It is quite 
likely that factors which govern gene and enzyme organization In 
different tissues and at different times may modify considerably the 
expression of gene-enzyme relationships. 
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For these reasons, determination of the precise nature of the 
metabolic alterations in many allelic systems, especially in higher 
organisms, is difficult. Nevertheless, in the absence of knowledge about 
enzymes or reactions, indirect methods may provide information con- 
cerning the functional similarity between mutants. There is, however, 
no general agreement on the interpretation of the experimental observa- 
tions, and recent investigations may alter previous concepts. 

The method most widely employed in haploid organisms is based 
upon the concept that a heterocaryon formed between two mutants 
blocked in different reactions will grow without any exogenous supple- 
ment. The growth of such a heterocaryon would not be expected in 
the absence of the required growth factor if the same reaction was 
blocked in each mutant. Although experimental observations in ,gen- 
eral support these conclusions, preliminary evidence obtained by Giles 
(6) suggests that some adenine-requiring mutants which lack the same 
enzyme do form heterocaryons on minimal medium. The general use- 
fulness of this method for assessing functional relationships of alleles 
is therefore somewhat dubious. 

Similar uncertainty is present in interpretations of the functional 
relationship between mutants in organisms with a prolonged diploid 
phase. Here a comparison of the phenotypes associated with different 
arrangements of the mutants (the cis: a a’/+ + with the trans: 
a-+-/-+-a’) is the method employed. Comparisons of this type have 
been made with several series of alleles in Drosophila, and in each case 
the cis arrangement is phenotypically non-mutant whereas the trans 
is mutant. According to Lewis (12, 13) and Green (8), these observa- 
tions indicate that the mutants control related, specific, and sequen- 
tial reactions. Moreover, the normal alleles controlling these steps 
must be located in close spatial proximity (i.e., on the same chromo- 
some), or else the reaction sequence fails and the mutant phenotype 
is observed. This interpretation implies a complex gene-enzyme organi- 
zation of the type previously mentioned. On the other hand, some 
investigators (7, 17) have suggested that the mutants affect a single 
biochemical reaction which can only proceed if the integrity of the 
functional chromosomal area is maintained. Present observations do 
not permit a decision between these two alternatives for any case in 
Drosophila, but the existence of a diploid phase in the life cycles of 
yeast and Aspergillus suggests that an experimental test is possible 
with mutants known to exhibit identical biochemical deficiencies. 
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Although a rigorous demonstration of the functional similarity of 
alleles cannot be given in many cases, emphasis on this aspect of 
allelism is of great heuristic value. It is, however, limited. The question 
may be asked: what information may be derived from studies of the 
physiological relationships of alleles concerning the nature of the 
limited chromosome region which controls a single biochemical function? 

Evidence from many studies, among them those of the td mutants, 
clearly shows that alterations of a limited chromosomal region may 
result in similar but not identical phenotypic changes. Pontecorvo 
(18) has presented a picture of a functional area with multiple muta- 
tional sites and has used this as a means of estimating the size of 
the functioning region. It should be pointed out that speculations con- 
cerning the nature of the genetic material derived from the study of 
altered phenotypes may be unwarranted extrapolations. The fact that 
the tryptophan synthetase reaction is impaired in all of the 25 td 
mutants would not appear to provide information about the extent, 
type, or position of either the genetic changes or the functional area. 
If there is indeed a discrete region of the chromosome which controls a 
single metabolic step, the assumption that mutations affecting this 
reaction occur only within the confines of the region would not seem 
justified at present. 

In order to examine the physical properties of the functional units, 
attention must be focused upon the behavior of alleles in inheritance. 
Unfortunately, to our knowledge, no case has yet been described in 
which a biochemical study such as that performed in the ftd series has 
been accompanied by a satisfactory analysis of crosses between the 
same alleles. Studies combining both approaches are under way in some 
laboratories, but information already obtained requires consideration. 

The pioneer work of Green (8) and Lewis (12, 13) with a number of 
mutants in Drosophila has demonstrated that very infrequently cross- 
ing over occurs between mutants which appear allelic when tested in 
cis and trans arrangements. Roper (23) has reported that in the fungi, 
non-mutant progeny are occasionally obtained following crossing over 
between phenotypically similar biotin-requiring mutants of Aspergillus. 
These mutants are allelic in the sense that heterocaryons and trans 
diploids are phenotypically mutant. 

In the majority of cases, however, the origin of rare, non-mutant 
progeny from crosses between physiologically similar mutants cannot 
be correlated so precisely with crossing over. The experimental results 


118 THE CHEMICAL BASIS OF HEREDITY 


obtained in a number of instances appear to resemble the observations 
initially reported by Giles (4, 5) for crosses between inosito] mutants 
of Neurospora. Crosses of the mutants carrying suitable markers gave 
rise to infrequent inositol-independent progeny, although none were 
recovered from crosses of two strains of the same mutant. Analysis 
revealed that the marker constitution of the majority of these isolates 
was compatible with their origin by a crossover between the parental 
mutants. A small but significant number of isolates were shown, 
however, to have a marker constitution indicating that crossing over 
had occurred in the opposite direction. In addition, isolates carrying 
the parental combinations of markers were recovered in high frequency. 
Similar observations with adenine mutants have been reported by 
de Serres (25) in Neurospora and by Pritchard (20) in Aspergillus. 


Four niacin-requiring strains of Neurospora, the q mutants, provide 
an even more extreme example of a lack of correlation between crossing 
over and the origin of non-mutant progeny (24). There is some evi- 
dence to suggest that these mutants are blocked in the same metabolic 
reaction, and no niacin-independent progeny were recovered from 
“selfs” (i.e., crosses of two strains of the same mutant). Although the 
particular mutants used in a cross determined both the frequency and 
the marker constitution of the rare non-mutant isolates obtained, in 
some crosses progeny with either one of the parental marker combina- 
tions and either one of the recombinant marker constitutions were 
recovered in high frequency. The data appeared incompatible with the 
assumption that the niacin-independent isolates arose as the result of 
a crossover between the q mutants. 

Whenever prototrophic progeny arise as the result of crossing over 
between two closely linked mutants, the reciprocal crossover type, a 
double mutant, should be recovered within the same tetrad. From 
crosses of two pyridoxine mutants of Neurospora, Mitchell (15) has 
recovered several asci with some non-mutant spores. None of the other 
spores in the asci were of the double mutant type. This analysis 
constitutes direct proof that prototrophic progeny may arise from 
crosses between mutants by some process other than crossing over. She 
has termed this phenomenon gene conversion. 


Although a similar direct proof of gene conversion is absent in all the 
cases described above, it would appear reasonable to assume (especially 
in the case of the g mutants) that gene conversion also occurs in them. 
In some eases, as has been mentioned, the occurrence of non-mutant 
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progeny is clearly correlated with crossing over, but by no means all 
of the isolates give evidence of origin in this manner. Nevertheless, an 
increase in recombination between markers is frequently observed. 
Pritchard (20) has suggested that crossing over within limited regions 
of the chromosome is vastly increased and that non-mutant progeny 
with unexpected combinations of markers are actually the result of 
multiple crossing over within a very short region. Attempts to extend 
this explanation to other data are unsatisfactory (24). 

At the present time, the assumption that crossing over and gene con- 
version are mutually exclusive is not Justified. It would appear more 
likely that both processes occur in any given cross, but with widely 
varying frequencies. In organisms in which tetrad analysis is feasible, 
it is possible to determine experimentally whether asci of the gene 
conversion type and asci of the crossover type occur in the same cross. 
It is hoped that some diligent investigator will undertake this 
arduous task. 

A further question may be raised concerning the occurrence of gene 
conversion in organisms in which such a direct test is not possible. A 
precise correlation between crossing over and the appearance of wild- 
type progeny is evident in all published studies with Drosophila. As 
Green (9) has pointed out, however, if gene conversion occurs at a 
very low frequency in Drosophila, it would be difficult to detect with 
the populations generally examined in such experiments. 

In maize, Laughnan’s study (10, 11) of the origin of the A® allele of 
the A locus has shown a high degree of correlation between the occur- 
rence of the A’ phenotype and of crossing over within a very short 
segment of the chromosome. Not all occurrences of A‘ can be related to 
such crossovers, however, and it may be suggested that gene conversion 
is responsible for the appearance of these exceptions. 

It is clear that in studies such as this, gene conversion cannot be 
readily distinguished from mutation. In fact, gene conversion may be 
a particular type of mutation which occurs only under special circum- 
stances. The term mutation, or reversion, has indeed been used to 
describe phenomena which resemble gene conversion. For example, 
Roman (21) has reported that the reversion frequency of diploid cells 
of Saccharomyces containing two adenine alleles of different origin is 
higher than that observed in diploids homozygous for either allele. 

The similarity between the behavior of the mutant reddish in 
D. virilis, described by Demerec (3) some time ago and attributed by 
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him to reversion of reddish during meiosis, and the phenomenon called 
gene conversion is compelling. Reversions were not obtained from 
homozygous reddish crosses and there was some correlation between 
recovery of wild types and crossing over. Furthermore, there was an 
apparent increase in the recombination of closely linked markers. It 
may therefore be suggested that gene conversion is not a phenomenon 
restricted to particular organisms, but is instead of general occurrence 
in both plants and animals. 

Is gene conversion observed only in studies involving mutant alleles? 
Mitchell (16), Lindegren (14), and Roman (22) have presented evi- 
dence that conversion occurs in crosses of a mutant to wild type. Asci 
with an excess of mutant or an excess of non-mutant spores have been 
observed. Their findings suggest that conversion may occasionally 
affect some part of the genetic material in any cross. The relative 
infrequency of the phenomenon would militate against recognition of 
conversion in the usual types of genetic investigation. 

There is some indication, however, that the frequency of conversion 
is greatly increased when crosses are made between mutants of similar 
phenotype. The studies of de Serres (25) with certain adenine strains 
of Neurospora which accumulate a purple pigment are of great interest 
in this connection. Two series, termed A and B, are known; A mutants 
form heterocaryons with B mutants but there is no evidence of vigorous 
heterocaryotic growth among members of either one of the groups. In 
marked crosses of several A mutants to one B mutant, adenine- 
independent progeny were recovered. Most of these isolates carried 
markers indicating that a crossover had occurred between mutants A 
and B. In one cross, however, a substantial proportion of the adenine- 
independent progeny were not of this type. Finally, in crosses between 
members of each group, preliminary data suggest that a majority of the 
adenine-independent progeny arose by gene conversion. On the other 
hand, preliminary data. obtained from crosses of isoleucine-valine 
Neurospora mutants lacking the same enzyme suggest that the origin 
of prototrophie offspring is almost entirely by crossing over (2). 

It must be stated that the phenomena described in this paper may 
represent diverse events not only in name but in fact. The common 
denominator of all, however, is that changes, not satisfactorily explained 
by crossing over, occur in the hereditary units when alleles of different 
origin are present in the same nucleus. Therefore they may appro- 
priately be considered under the general heading of gene conversion. 
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The important question is: how are these changes brought about? 

A satisfactory explanation must account for these changes and also 
for the apparent increase in crossing over which accompanies conver- 
sion; for the observation that the diploid state (although not neces- 
sarily meiosis) increases the frequency of the phenomenon (20,21). 
and for the unexpected recovery of asci in which more than one con- 
version has occurred (15). If the change is accomplished by some sort 
of chromosome breakage, gene conversion may represent a type of 
non-reciprocal crossing over, and it would not be unexpected that both 
classical reciprocal crossing over and conversion would occur in the 
same material. The similarity of gene conversion to reversion has 
already been mentioned; speculations concerning the nature of the 
event in terms of a type of mutation which may involve chromosome 
breakage have been presented (24). It may be, however, that conver- 
sion is associated with mechanisms of reduplication, as has been sug- 
gested by Mitchell (15). Our inadequate knowledge of gene conversion 
at present happily permits any number of speculations. 


It should be emphasized, however, that gene conversion confuses 
rather than clarifies our understanding of the limited chromosome area 
which controls a metabolic reaction. The classical genetic methods of 
recombination and cytological observation allow measurements of 
relative distances between mutants along the chromosome and permit 
a degree of localization of the functioning unit. If conversion were to 
occur at high frequency in any cross, it would no longer be possible to 
place mutants in a linear series. Since the frequency of conversion 
varies, it may be possible to construct maps on this basis alone; but 
the use of the frequency of an event whose nature is not well understood 
for this purpose would appear hazardous. For this reason also, the 
attempt to equate the frequency of an unknown event with the size of 
the hereditary unit, as has been done in phage (1) and Aspergillus (19), 
requires careful evaluation. 

None of the information currently available allows a satisfactory 
description of the functional unit in terms of a physical portion of the 
chromosome, Current methods of study of the hereditary behavior of 
mutants and their biochemical functions provide information concern- 
ing various properties of genic systems. Our understanding of the rela- 
tionships between alleles would certainly be improved by more detailed 
knowledge of the chemical constitution of the hereditary material. 
Despite the advances of the past few years, information concerning the 
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composition of hereditary units (and this includes chromosomes as well 
as genes) is not yet sufficient to define these in chemical terms. It is 
hoped that the phenomena described in this paper may point out some 
of the properties which the future genetic material must possess. 
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GENE FUNCTION AND ENZYME FORMATION 
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THE NATURE OF THE functional genetic unit and the extent and manner 
in which it mediates protein formation present problems at once both 
fundamental and challenging. The work to be reported here was under- 
taken in an attempt to define more clearly the action of a specific 
genetic locus (td) relevant to the formation of a single enzyme, trypto- 
enzyme 
phan synthetase (indole + serine —————_______, tryptophan) in 
pyridoxal phosphate 

Neurospora crassa (14, 16). 

Evidence will be given for the existence of certain serologically active 
proteins closely related to tryptophan synthetase, which are present 
in a number of allelic tryptophan-requiring mutants (td mutants) of 
Neurospora lacking the enzyme (13). The possible role of these pro- 
teins in tryptophan synthetase formation, and the manner in which 
they may contribute toward our understanding of the functional 
organization of a genetic unit will be briefly discussed. 

In studies on the genetic control of tryptophan synthetase formation 
in Neurospora, Yanofsky (15) found that two allelic tryptophan- 
requiring mutants (td; and tds), unable to utilize indole, lacked the 
enzyme, tryptophan synthetase, which is necessary for tryptophan 
formation. Similar results have been reported by Mitchell and Lein 
(9) and by Hogness and Mitchell (7), using strain td;. Yanofsky (15) 
concluded, from a number of experiments, that the absence of enzyme 
activity in the mutants appeared to result from an effect of mutation 
on the formation of the enzyme itself. He also observed (15) that a 
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second mutation (a suppressor) at another locus could partially restore 
enzyme formation in mutant td, and that the enzyme formed in this 
suppressed mutant strain appeared to be normal when judged by sev- 
eral criteria (15, 18). Of considerable importance was the fact that 
the tdz suppressor gene (Suz) had no effect on strain td, (15), a relation 
clearly demonstrating that although td, and td» were considered to be 
allelic, they behaved differently with regard to the property of specific 
suppressibility. 

More recent work by Yanofsky and Bonner (17, 18, and unpub.) 
with over twenty-five independently occurring td mutants has 
strengthened the conclusion that functional differences exist within 
the td locus. As shown in Table 1, these mutants, allelic by recombi- 


TABLE 1 


SUPPRESSOR SPECIFICITY AT THE td Locus 











td Mutant Suppressor gene 
Sus, 2a, ; 
2by 2c, 2d Sus Sus Sus 
td, — _— — ae 
tds + — > pes 
tds — + _ | 
tds - — a an 
td2, — + = 4+ 





A (+) indicates suppression. The data in this table are adapted from Yanofsky 
and Bonner (18). 


nation and heterocaryon tests, can be divided into four distinct groups 
on the basis of their susceptibility to specific suppressor mutations. No 
linkage was found between the td locus and the suppressor genes. 
However, while striking specificity of a given suppressor gene for a 
particular td mutant is evident, it can also be seen in the table that a 
number of non-allelic suppressor genes exist, each of which has a similar 
effect with respect to the restoration of tryptophan synthetase forma- 
tion for the tds allele. This seemingly anomalous situation, initially 
suggesting two levels of specificity, can be resolved if one supposes that 
the role of suppressor genes may be concerned with repair of minor 
enzyme damage or with control of certain quantitative aspects of 
enzyme formation. Attempts to demonstrate the presence of a “sup- 
pressor substance” by heterocaryon tests and biochemical analvsis 
have thus far been unsuccessful (Yanofsky and Bonner, unpub.). It 
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would seem, therefore, that genetic responsibility for the major steps 
in tryptophan synthetase formation resides in the td locus itself, and 
most important, that different areas within this locus may be altered 
in specifically different ways, detectable by suppressor tests. 

Since mutations at the td locus appear to exert their effect at the 
enzyme-forming level, an effort was made to obtain further information 
on the complexity and function of this locus by additional means. 
Immunological technics were employed to screen the mutants for the 
presence of proteins which were serologically related to tryptophan 
synthetase, but which possessed no enzymatic activity. The usefulness 
of this approach, which provides a most sensitive and specific method 
for detecting similarities and differences between proteins, has been 
elegantly demonstrated by the classical work of Cohn and Torriani on 
the £-galactosidase system in Escherichia coli (3). 

Using partially purified preparations of wild type Neurospora 
tryptophan synthetase as antigen, rabbit antibody was obtained which 
quantitatively and completely neutralizes enzyme activity (12, 13, 
and unpub.). This neutralization reaction is unaffected by either 
indole, serine, tryptophan, or pyridoxal phosphate, and is complete 
within a few seconds or less. 

On testing extracts of several of the td mutants for their ability to 
react with and remove anti-tryptophan synthetase, it was found 
(Table 2) that a number of the mutant preparations did indeed contain 
serologically active, though enzymatically inert material (designated 
CRM). Two of the mutants, strain td; and strain tds, were selected 
for more detailed examination, since preliminary results (13) indi- 
cated that strain tds contained CRM while strain td, did not. Hence, 
these two mutants, allelic by recombination and heterocaryon tests, 
appear to differ not only in their susceptibility to specific suppressor 
mutations, but also with respect to their ability to synthesize a protein 
serologically related to tryptophan synthetase. Whether any inherent 
relationship exists between suppressor susceptibility and the presence 
or absence of CRM remains to be seen. 

Experiments employing partially purified preparations of strain tds 
have provided some information concerning the nature of the sero- 
logically active component (12, and unpub.). CRM appears to be 
closely related to tryptophan synthetase in several of its properties 
(Table 3). It follows the same fractionation pattern as the enzyme, 


and it elicits anti-enzyme formation when injected into rabbits. The 
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TABLE 2 


Properties or Neurospora crassa STRAINS 





Reaction effected by Tryptophan Tryptophan 











Strain genetic block requirement synthetase CRM 
T’sase 
Wild type (5256A) In + Se SpE flor 0 ++-+-+ - 
oe 
td, In + Se $—$— db + 0 0 
tde, tds, tds, td In f Se jf Tr aa 0 a 
tdz, (temperature- In + Se ———_;——> Tr + 0 + 
nye) 25°C. /- 
In + Se p> Tr 0 + +444 
30°C. / 
td, Sus In + Se ———- Ati -+ 0 0 
ids Suis, td Suz, td Sus In - Se —_2> > Tr 0 +- +++4++ 





In, indole; Se, serine; Tr, tryptophan; Bg-P, pyridoxal phosphate; CRM. 


serologically active protein. 


TABLE 3 


SUMMARY OF THE PROPERTIES OF TRYPTOPHAN SYNTHETASE AND tda-CRM 








Tryptophan 
Properties synthetase 
Knzyme activity = fe 
Fractionation behavior P 
(use of protamine SO, ammon. about 70-fold 
SOs, and alumina gel) 
Antigenicity + 
type of antibody formed anti-enzyme 
action of antibody complete neutralization of 
enzyme activity 
absorption of anti-synthetase complete 
or anti-CRM serum 
dialysis effect on serological unstable to dialysis 
stability 





CRM 
0 


same 


a 
same 
same 


complete 


stable to 
dialysis 
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enzyme neutralization curves obtained with anti-CRM serum are 
indistinguishable from those found with anti-synthetase serum. Further- 
more, both antigens are equally effective in absorbing all of the anti- 
synthetase or anti-CRM from a given antiserum. It initially seemed 
that the only difference between the proteins was the absence of enzyme 
activity in CRM. However, we have recently found that the enzyme 
and CRM can be readily distinguished from one another by their 
behavior upon prolonged dialysis. CRM is stable when dialyzed, 
whereas the enzyme itself is inactivated both enzymatically and 
serologically by this treatment. 

On subjecting preparations of strain td, to more intensive scrutiny, 
our earlier observation regarding the absence of CRM in this strain 
was verified. Purification of extracts of td; was carried out, following 
the same procedure ordinarily employed for the enzyme and CRM. 
Such fractions on testing proved to be serologically inactive (activity 
less than 0.2% of that present in tds). In addition, injection of rabbits 
with td; preparations failed to elicit anti-enzyme formation. These 
findings have proved of considerable value, since td, fractions are now 
being used to absorb anti-enzyme serum, removing other antibodies, 
and giving a serum which appears, from quantitative tests, to be 
directed specifically against tryptophan synthetase and its related 
proteins. 

At present we do not know whether the serologically active proteins 
found in the other td mutants are similar to td2-CRM, nor do we have 
any evidence for the physiological role of CRM. Although detailed 
quantitative data are not yet available, recent observations may shed 
some light on these problems. As seen in Table 2,-the wild-type strain 
also contains a CRM-like protein which is present in low concentra- 
tion (about 10% of the enzyme). Furthermore, a temperature-sensitive 
mutant, tdo, (17, 18), which forms small amounts of enzyme at 30° C., 
but none at 25° C., also forms five- to six-fold greater quantities of 
CRM at 30° C. In addition, suppressed mutant strains form both 
enzyme and considerable amounts of CRM (13), while interestingly 
enough, the unsuppressible strain, td;, even when carrying the Sus 
suppressor gene, forms neither enzyme nor CRM. 

Hence we are faced with several interesting possibilities concerning 
the identity of CRM in the different strains, including the likelihood 
that it may be a normal protein constituent whose rate of synthesis 1s 
controlled by mutations affecting the td locus. The relationship of 
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CRM to tryptophan synthetase, whether it be a specific precursor, an 
altered, closely related, or inactivated enzyme, or an accumulated 
shunt product, now appears subject to experimental test. Studies by 
Lerner and Yanofsky (unpub.) on indole biosynthesis and linkage in 
£. coli suggest that a CRM-like protein may catalyze one of the steps 
in indole formation, and furthermore, that the gene controlling this step 
appears to be closely linked to the coli td locus. We have been unable, so 
far, to assign an enzymatic role of this sort to the Neurospora CRM. 

In conclusion, the evidence bearing on the nature of the td locus 
supports the view that a specific chromosomal area, intimately con- 
cerned with the formation of a single enzyme, may consist of a number 
of functionally related interdependent component parts, albeit the 
entire area remains indivisible by cross-over tests. Since one is able to 
examine the relationship between structure and function at this locus 
in precise enzymatic and serological terms, it would appear that we 
are in a position to determine whether different and specific CRM pro- 
teins are formed as the result of damage to particular areas within the 
td locus. Perhaps it will be possible to correlate the information 
obtained with the specific action of certain suppressor genes on enzyme 
formation, and so to provide further insight into the organization and 
function of the genetic material (1, 2, 4-6, 8, 10, 11, 17). 
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DIscuUSSION 


Dr. BravLe: I would like to say that I don’t want to get into any 
argument with Benzer about terminology. If he wants to call a fune- 
tional unit a cistron that’s all right with me. I would like to say, 
however, that I agree that his is a very beautiful work. 

I would like to point out that sometimes when you convert a physicist 
to a biologist you get into certain difficulties. There is a deficiency in 
his hierarchy of taxonomic categories. He omitted the genus. 


Dr. Benzer: It was an oversight—it was in my notes. The category 
was taken care of. I was going to reserve it for the small segment 
which consists of a group of elements which go together to determine 
the specificity of one amino acid, giving the new slogan “One genus, 
one peptide hypothesis.” 

Dr. LeperBerG: Dr. Mitchell, do you know of any examples of 
aberrant crossing over—that is to say, tetrads which show non- 
reciprocal numbers of crossovers between the two peripheral markers? 

Dr. MircHeuu: The pyridoxine case is the only one so far which has 
appropriate markers and in which the mutants can be selfed. There are 
several other possibilities which haven’t been analyzed by isolation 
of tetrads. The markers used for the pyridoxine locus have always 
segregated normally. 

Dr. Beapie: I would like to ask Dr. Benzer this question: In your 
rII units, did you have markers outside this area that were followed 
simultaneously? 

Dr. Benzer: No. Doermann and his group are doing experiments 
where they watch the segregation of outside markers, and he can 
answer your questions on that point. 

Dr. Breapie: If I remember correctly, in a report that was made at 
Cold Spring Harbor, by Streisinger and Franklin, there was a marker 
on one side, and this did not show a high correlation with the recombi- 
nant event in the h region, but instead gave a high negative interference. 

Dr. DorrMANN: Yes, that’s correct, but it depends a little on cireum- 
stances, We have done quite a few crosses with Benzer’s rII material, 


ar 


and it seems clear that this question of negative interference depends 
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on the distance between the two or three markers in which we are 
interested. For example, we may do three-factor crosses which require 
the double crossover for production of the recombinant which can be 
selectively scored. When the outside markers in such a cross are far 
apart, say, four recombination units, we find 6 to 8 times as many 
double recombinants as expected from two-factor crosses involving 
these loci; when the outside markers are located close together, say 
one recombination unit or less, we find 30 or 40 times the expected 
number. I think that Edgar has convincingly shown that this par- 
ticular type of negative interference, namely, that restricted to short 
regions, is a result of recombination in a special type of structure 
which seems to be characteristic of the T-even phages. It appears in 
Edgar’s experiments as though recombinants are formed by replica- 
tion in the partially heterozygous region of the so-called residual 
heterozygotes discovered by Hershey and Chase. Multiple crossing 
over is unusually frequent in such material. Since such heterozygous 
regions appear to be rather short, the probability of observing multiple 
crossovers is increased over the usual expectation as the markers 
involved are closer and closer together. I think that Franklin and 
Streisinger’s experiments are an exact parallel. They cross mutant 
h,+ and hz* which are very closely linked. In addition the hot strain 
is marked with a rather distantly linked tu, while the h,+ carries tu+. 
Assuming the order hy+, he+, tu, you’d expect the hihs recombinant 
to carry the tw marker more frequently than tw+. In fact, Franklin 
and Streisinger found 50 per cent of the hyh» recombinants carrying tu 
and 50 per cent carrying tut. In our experiments it is clear that a 
similar situation is observed when the two r markers are closely enough 
linked; when the r markers are moved a little farther apart, then the 
linkage with the outside markers is maintained. 


Dr. Gass: T suspect there are a good many biochemists who have 
heard about negative interference for the first time from your remarks. 
Could you tell us briefly what you mean by negative interference? 


Dr. DorrMANN: I guess we ought to start with positive interference. 
In the classical material a crossover in one region inhibits an additional 
crossover in an adjacent region. This has been called interference, more 
specifically positive interference, and may be expressed as the coeffi- 
cient of coincidence. We let P,; be the probability of crossover in one 
region and P, the probability of crossover in an adjacent region. On 
the assumption the crossover in region I is independent of that in 
region II, we expect P,P. to be the probability of double crossover. 
The coefficient of coincidence is the frequency of observed double cross- 
overs divided by the frequency expected. If the coefficient of coinci- 
dence is less than one, we say we find positive interference. If it is 
greater than one we call it negative interference. 


Dr. Brapte: What is the status of reciprocal recombination prod- 
ucts? Do you get them under certain circumstances? 
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Dr. DorrRMANN: I don’t know of any case where it’s clear that you 
do get reciprocal products, 


_Dr. Beavis: The assumption is that the single event gives one recom- 
bination product. 


Dr. DorRMANN: The assumption is that, but I don’t think we know. 


Dr. SPIEGELMAN: There are two comments I would like to make con- 
cerning the aberrant asci discussed by Dr. Mitchell. If one examines 
the results of crosses in the bacterial viruses by means of mass lysates, 
reciprocal recombinants are found in roughly equal proportions. How- 
ever, this apparent accordance with genetic expectation is the statistical 
smoothing over of a rather different situation. Analysis of the products 
derived from single bursts reveals that they do not contain reciprocal 
recombinants. Thus, what is a rare exception in the Ascomycetes is the 
rule in the bacterial viruses. To search for a unique explanation of 
the aberrant tetrads which ignores the virus data would, to my mind, 
miss the cardinal point emphasized by the two sets of data. The 
intriguing possibility suggests itself that size is the crux of the matter. 
Thus, whenever experiments with classical or neo-classical material 
can be arranged by suitable selective devices to study small regions, 
the data become paradoxical when compared to the statistieal norm 
predicted by classical genetic calculations. The operation of a sort of 
copy-choice mechanism suggests itself as one immediate possibility. 

An important contribution emerged at the recent meeting at Cold 
Spring Harbor which I should like to note. Those of you familiar with 
genetic literature will recall the announcement by Lindegren in 1952 
of his historical aberrant ascus. It involved a cross in yeast of an 
adenineless by a wild type. Among many normal asci, one was found 
yielding 3 negatives to 1 positive. Many, including myself, did not 
take this single ascus seriously since it could have arisen as the result 
of a mutation from plus to minus. It should be noted that available 
information on the stability of this locus made this possibility unlikely, 
but did not eliminate it. Herschel Roman reported on a reinvestiga- 
tion of this question and has isolated a number of such aberrant asci 
involving the same locus. Using somatic recombinations in diplophase, 
he has shown that independent isolates of adenineless in this region 
are different since they exhibit recombinations. He then used this 
device to test whether the three negatives of an aberrant ascus are 
identical or different. In all cases examined, he finds that the extra 
negative is identical genetically to the one which went into the cross. 
This eliminates the possibility that these exceptional segregations 
can be explained in terms of rare independent mutations. 


Dr. Horcuxiss: The question of non-reciprocal vs. reciprocal recom- 
binations seems very important to me. I was looking at it a little 
differently, in terms of the size of the entities involved, inasmuch as 
small fragments of genome cannot contribute reciprocally to make 


progeny. 
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First, let me suggest that the size-distinctions of which Dr. Benzer 
was trying to make us aware are well illustrated by what goes on in 
his two-car garage. When, by dint of some handyman’s work, the 
parts of two defective automobiles are put together to make one func- 
tioning one—let’s say the two-inch-long condenser of one is put into 
the distributor of the other—Dr. Benzer was, I thought, trying to 
preclude some boy looking through the window from reacting, ‘My 
gosh, I never knew that a Ford car was really only two inches long. 
When such terms as pseudo-alleles or non-identical alleles (of some use 
for referring to the whole mutant gene, containing a changed ele- 
ment) are used, as they often are, for the changed element itself, the 
subunit, they name the part for the whole and obscure the relation- 
ship. It is only when so misunderstood that these beautiful new 
experiments seem to threaten the place of the old-fashioned, semi- 
autonomous gene—a unit of function which in the appropriate cellular 
environment can initiate a complete biochemical operation. 

Of course, one can make another kind of mistake in interpretation. 
I think both Dr. Benzer and Dr. Mitchell would have liked my grand- 
father, who one day was trying to take an alarm clock apart. The 
clock wasn’t functioning, and when he opened it, he found a dead fly 
inside. He turned to me and said, dryly, “No wonder the clock isn’t 
working; the engineer is dead.” 

The essential point in these recombinations is that the size factor 
controls both reciprocality and the rules of frequency. When you are 
trying to interact two complete chromosomes you have a distance of a 
few hundred A units involved, and so the possibility for this large, 
not altogether flexible, entity to bend back and interact twice within a 
short distance is reduced. From such a picture most of the facts of 
crossing over can be rationalized. In most of these new, “unorthodox” 
recombinations, however, you are trying to challenge whatever passes 
for a chromosome with a fragmented bit of genome. We presented 
evidence at the Henry Ford Hospital symposium on enzymes, that 
this is the kind of thing that is happening in transformation. It cer- 
tainly looks as though this is what happens in the transductions used 
by Demeree and, from the results, apparently also in recombinations 
in phages or bacteria. Q 

When a small fragment. exchanges with an organized, intact section 
of genome, not only is the smaller part precluded from forming progeny, 
but every incorporation is the analogue of a “double crossover,” 
requiring one breakage (or substitution) at each end. Accordingly, 
the probabilities of various exchanges are different than on a cross- 
over model, and more in line with those actually observed. When far 
enough apart, the exchanges of markers require two transformations 
and are either independent or mutually inhibitory (“positive interfer- 
ence”). At closer distances the opportunity for one given event would 
depend not only upon linkage distance, but in 3-factor crosses, the 
factor of probable size of incorporated fragment enters importantly. 
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There are indications in transformation that large DNA fragments 
are not incorporated intact as readily as small ones, as seems reason- 
able. Here, then, we can see why in the close sequence, ABC, the 
region B may be introduced without disturbing A or C, far more often 
than expected, and in fact almost as often as it exchanges with A or 
C alone. On a crossing-over model, this result is interpreted as the 
troublesome “negative interference.” 


Dr. Cuarcarr: I would like to ask Dr. Benzer one question. He 
made an estimate of the size of his units, and if I remember correctly 
he said that they could be one nucleotide or perhaps not more than a 
handful of nucleotides. Now, what does that leave us in chemical 
terms? Out of the chain of DNA, for instance, which has probably 
no repeating units that we can recognize, the removal or exchange of, 
say, one guanylic acid in a certain place is what you call this unit of 
yours; or do you think it could include the whole surroundings or 
habitat of this particular nucleotide? In other words, if you have one 
adenylic acid which is flanked on either side by five guanylie acids, is 
this adenylice acid equivalent to one which is next to another adenylic 
acid? How can you make an estimate as precise as one or two nucleotides? 


Dr. Benzer: The estimate is not precise. What we don’t know is 
whether recombination is proportional to length regardless of the spe- 
cific bases which are present. Suppose that recombination happens 
because of breaks in the backbone, with uniformity of bond strength 
between the nucleotides. If this assumption is correct (you have to 
make some assumption like this in order to set the order of magnitude) 
when you get very closely linked markers the recombination distances 
should be quantized into suitable multiples of a basic unit. This is 
very optimistic. 
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INTRODUCTION 


Definition of Terms. 

BEFORE ATTEMPTING to assess the role of the cytoplasm in heredity, it 
is necessary to make clear what will be meant by the term heredity 
in the discussion. Many terms in their usage become encrusted with 
secondary attributes, and a stripping away of nonessentials may be 
useful in clarifying underlying concepts. Such a term is heredity. In 
common usage it has been endowed with connotations which restrict 
its usage to phenomena studied by certain techniques. Usually heredity 
refers to the transmission of specificities by sexual (or parasexual) 
means from one generation to the next. It implies breeding experiments 
and the analysis of genetic recombination. 

An older and broader interpretation may be useful, however, in 
bringing together phenomena of fundamental similarity without restric- 
tion as to analytical devices. The term may be used to describe the 
more general capacity of living material to maintain its individuality 
(specificity) during proliferation. In this sense, hereditary mechanisms 
are any mechanisms which assure the continuity of specificity during 
the material dilution accompanying growth—regardless of whether a 
gamete or gemete-like phase is included in the growth process, and 
regardless of whether differences in specificity can be analyzed by 
genetic recombination. This definition—unlike the more common defi- 
nition—ineludes the transmission of specificity within the soma of 
multicellular organisms or within clones of unicellular organisms. 
Heredity, in this sense, is a type of homeostasis, similar to physiological 
homeostasis but implying more, since it includes regulation during 
protoplasmic increase. Nevertheless, a single mechanism might serve 
simultaneously as a physiological and as an hereditary regulator, It is 
to be understood that the term as we will use it implies nothing about 
the mechanisms whereby specificity is maintained. 
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While heredity—in this sense of the perpetuation of specificity—is 
universally characteristic of protoplasm, so also are the variations in 
specificity which arise through the occasional failure of the hereditary 
mechanisms and which are in their turn perpetuated by these mechan- 
isms. It would be useful to employ the term mutation for these altera- 
tions if it had not been so narrowed in its evolution. In its oldest sense 
“mutation” refers to any alteration in specificity which is heritable, 
and implies nothing regarding either the mechanisms or the materials 
involved in the change. With the identification of some mutations with 
particular chromosomal alterations, the concept has been restricted. 
“Mutation” now usually implies alterations transmitted through sexual 
reproduction and in particular alterations associated with chromosomal 
changes, either microscopic or submicroscopic. This class of hereditary 
modifications shares certain common attributes—rarity, irregularity, 
and a low degree of specificity between inducing agent and the changes 
observed—and those modifications which fail to manifest these 
attributes are dismissed as not being “true” mutations. The frequent 
and regular alterations oceurring in cell lineages (particularly in 
embryonic development), often in response to specific stimuli, are thus 
excluded from consideration, and the problems they raise are deposited 
on the doorstep of the embryologists. Since it is unreasonable to expect 
a term so firmly entrenched as “mutation” to acquire the necessary 
connotations (or lack of connotations) needed for present purposes, we 
will simply substitute the term “hereditary modification,’ emphasize 
the lack of any particular implication as to the materials involved, 
and apply the term to any variation in an hereditary specificity which 
becomes in its turn hereditary. 

Finally, I wish to take the liberty of extending the term cytoplasm 
in the title of this paper to permit a discussion not only of the cytoplasm 
proper, but also of the nucleoplasm. The cell is usually divided into 
two portions—the nucleus and the cytoplasm—but the nuclear portion 
is promptly reduced to mean chromosomes (or more recently, DNA), 
and the residual nucleoplasm is left out of consideration. By discussing 
the nucleoplasm in conjunction with the cytoplasm we are at least 
reminded of its existence. It is also evident that some more or less 
direct communication occurs between the cytoplasm and the nucleo- 
plasm and that their properties, from a genetic point of view, may not 
be greatly different. This taxonomic invasion of the nucleus by the 
cytoplasm may also be viewed as a reciprocation for the extension of 
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the nucleus into the cytoplasm—as witnessed by such terms as 
plasmagene, cytogene, and genoid. This deliberate confusion of the 
boundaries between the nucleus and the cytoplasm is based on a 
dissatisfaction with a classification of genetic systems in terms of 
geography alone and on the belief that such systems are more profitably 
discussed with reference to mechanisms. 


Concepts of Genetic Mechanisms. 


Two concepts of genetic mechanisms have persisted side by side 
throughout the growth of modern genetics, but the emphasis has been 
very strongly in favor of one of these and a synthesis between the two 
has not yet been achieved. The first of these we will designate as the 
“Master Molecule” concept. This concept presupposes a special type of 
material, distinct from the rest of the protoplasm, which directs the 
activities of the cell and functions as a reservoir of information. In its 
simplest form the concept places the “master molecules” in the chromo- 
somes and attributes the characteristics of an organism to their specific 
construction; all other cellular constituents are considered relatively 
inconsequential except as obedient servants of the masters. This is in 
essence the Theory of the Gene, interpreted to suggest a totalitarian 
government. Refinements in the concept may be introduced in various 
ways to accommodate special situations. Thus, any sophisticated view 
requires that organic specificity be a function not only of the intrinsic 
capacities of the system, but also of the environmental circumstances 
in which it exists. Other observations require that the “master mole- 
cules” be not restricted to the nucleus, but that they may in some 
instances occupy stations in the cytoplasm. 


The second concept of a genetic mechanism is one which is more 
difficult to describe, and one for which experimental evidence is harder 
to obtain. This concept we will designate as the “Steady State” concept. 
By the term “Steady State” we envision a dynamic self-perpetuating 
organization of a variety of molecular species which owes its specific 
properties not to the characteristics of any one kind of molecule, but 
to the functional interrelationships of these molecular species. Such a 
concept contains the notion of checks and balances in a system of 
bicehemical reactions. In contrast to the totalitarian government by 

master molecules,” the “steady state” government is a more demo- 
cratic organization, composed of interacting cellular fractions operat- 
ing in self-perpetuating patterns. The possible details of such patterns 
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are almost unlimited 





at least theoretically—and any meaningful dis- 
cussion on a practical level must be directed at some particular system, 
We will return to this problem later, We may note in passing, however, 
that the ‘‘master molecule” and the “steady state” concepts are not 
mutually exclusive and that both may be required for an orderly fune- 
tioning organization. 


Tue ROLE or THE CyToPLASM IN SExuAL HEREDITY 


Regardless of which of the above genetic concepts one embraces, the 
cytoplasm must be accorded some role as genetic material. The best 
understood examples of cytoplasmic transmission associated with 
sexual processes are those involving “master molecules.” One may cite 
as examples of such cytoplasmic genetic determinants sigma (the CO. 
sensitivity factor in Drosophila, 14, 15) and kappa (the killer factor in 
Paramecium, 2, 29, 30). One may mention also the “plastogenes” 
presumably responsible for plastid characteristics in higher plants (10, 
24), the statistical particles called forth to explain somatic segregation 
of pollen sterility (23), and the particulates associated in various ways 
with the enzymatic constitution of yeast (8, 28). On less convincing 
evidence genetic properties are accorded to such entities as mito- 
chondria, kinetosomes, blepharoblasts, and other similar cellular 
organelles (16). Many of these studies have been reviewed repeatedly 
(2, 5, 7, 8, 12, 30, 35), and no attempt will be made here to offer critical 
evaluations of them individually. Although the evidence for genetic 
continuity for some of these elements may be questioned, the existence 
of a class of cytoplasmic particulates, showing great diversity of struc- 
ture, function, and probable origin, but alike in controlling hereditary 
traits, is firmly established. The chief problem is, therefore, not to 
determine whether elements in the cytoplasm have genetic functions, 
but rather to assess the extent of their distribution and their general 
significance. 

This problem requires some consideration of the relative roles of the 
nucleus and the cytoplasm in heredity. We may ask—for example— 
what are the relative frequencies of traits with chromosomal and cyto- 
plasmic bases? This is not an easy question to answer. It is certainly 
clear that the vast majority of published reports deal with traits at least 
formally explicable by chromosomal inheritance; whether the ratio of 
the two kinds observed in the literature is an accurate reflection of 
the ratio in nature is another matter. We are all aware that many 
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considerations—both conscious and unconscious—are involved in the 
selection of traits to study and are cognizant of the non-randomness 
of the published accounts. Certain types of traits are more likely to 
be examined and certain types of results are more likely to be reported. 
One may argue, moreover, that these biases systematically prejudice 
judgment in favor of chromosomal inheritance. 


The biases begin with a decision as to which traits should be studied. 
From the beginning of genetics attention has been focused on clear 
alternative characteristics which can be readily distinguished and 
enumerated. A chromosomal mechanism is admirably suited for the 
transmission of just such traits. While continuous variations may also 
be explained by chromosomal mechanisms, a satisfactory analysis is 
difficult when variations do not fall into discrete classes. Yet, a cyto- 
plasmic basis can also explain continuous variation by the more or less 
random partitioning of one or more kinds of cytoplasmic elements. 
Thus, those traits without discrete classes—perhaps those most likely 
to involve a cytoplasmic mechanism—are deliberately excluded from 
study. 

Even after the study of a trait is initiated, further sources of bias 
may appear. Unlike the clear operational approach to Mendelian 
characters, the establishment of a cytoplasmic basis is a devious and 
often inconclusive process of elimination. When differences in reciprocal 
crosses are encountered, for example, one must first eliminate the 
possibilities of differential fertilization, differential viability, preferen- 
tial chromosome elimination, and many other possible vagaries of 
chromosome behavior, a task which may be beyond the ability of the 
investigator or impossible to undertake with certain types of material. 
When identical results are observed in reciprocal crosses and particu- 
larly when simple numerical ratios are obtained, these lengthy and 
often painful sequences are considered unnecessary—even though, as 
Ephrussi has pointed out (8), differences in reciprocal crosses need not 
be associated with cytoplasmic inheritance and, conversely, identity of 
reciprocal crosses does not automatically exclude a cytoplasmic basis. 
It is perhaps only natural that investigations of “messy” characteristics 
are discontinued before publication and that investigators move on to 
traits more readily analyzed. If this is, in fact, a correct evaluation of 
the practices of biologists, the role of the chromosomes in heredity 
may be seriously overemphasized. On the other hand, one would like 
to believe that the rule regarding the cherishing of exceptions is not 
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only an ideal but a widespread practice, and that traits which raise real 
problems of interpretation by deviating from Mendelian patterns 
receive a disproportionate amount of study. If this is true, the ratio 
between cytoplasmic and chromosomal] bases might be biased in the 
other direction. A resolution of this problem involves an analysis of 
the pressures to which scientists are subjected and the motivations of 
the investigator. Such an analysis is beyond the scope of this paper 
and the competence of the author, but remains essential for a com- 
pletely satisfactory answer, 

At the theoretical level one factor involved in assessing the genetic 
role of the cytoplasm is the relative efficiency of cytoplasmic as opposed 
to chromosomal mechanisms. It has been suggested, for example, that 
potentialities associated with chromosomes are more likely to be trans- 
mitted with precision than potentialities associated with the cytoplasm 
—simply because of the elaborate mechanisms evolved for the equal 
distribution of the chromosomes. Hence, any potentiality necessary for 
the maintenance of life would be forced by natural selection into a 
chromosomal niche and any genetic system remaining in the cytoplasm, 
being unreliable, would involve relatively inconsequential potenti- 
alities. First it may be pointed out, however, that a cytoplasmic 
mechanism is not necessarily an imprecise mechanism, though it might 
require a greater material investment by the cell in order to make it 
equally efficient with a chromosomal mechanism. The random assort- 
ment of, say, a thousand cell particulates will assure an approximate 
identity of daughter cells, almost as reliably as a mitotic spindle. If 
for some other reason (such as for a required heterocatalytie function) 
this amount of material was required anyway, the argument for econ- 
omy is without force. It is true that many of the analyzed systems of 
cytoplasmic inheritance are less precise than chromosomal mechanisms 
(.e., hereditary modifications occur in them frequently), but this may 
again be a matter of selection of traits—for it is these variations which 
in many cases permit the analysis of a cytoplasmic system, 


This argument does not, of course, prove the indispensible nature of 
cytoplasmic genetic particles, but merely suggests that such particu- 
lates cannot be ruled out by a priori considerations. Moreover, the 
difficulties of detecting essential cytoplasmic elements are formidable. 
A lethal gene in a chromosome can be studied in a straightforward 
manner, simply because a recessive lethal can be carried in a hetero- 
zygous state and its effect can be tabulated numerically following 
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segregation and recombination. A cytoplasmic lethal (perhaps due to 
the loss of an essential cytoplasmic particle), on the other hand, would 
simply appear as an occasional cell or zygote which is inviable. The 
variable fractions of inviable eggs, seeds, and spores in many organisms 
are usually attributed to suboptimal environmental conditions, but 
could be in part due to cytoplasmic lethals which cannot be demon- 
strated by present techniques. Thus, even if essential cytoplasmic 
master molecules are widespread, it is not even strange that many have 
not been detected. 


Finally, the properties of the cytoplasmic elements now known argue 
that the cytoplasmic genetic functions are not inconsequential. In 
yeast, cytoplasmic particulates associated with respiration have been 
extensively studied (8), and photosynthesis in higher plants is certainly 
controlled in part by such elements (24). It is important to remember 
that the detection of such particles was conditioned in one case by 
the existence of an alternative respiratory pathway and in the other 
by the symbiotic association of normal and pathological plant tissues. 
In no case can cytoplasmic lethals be studied with techniques com- 
parable in efficiency to those for chromosomal lethals, and yet signifi- 
cant functions controlled by cytoplasmic genetic elements have been 
discovered. 


Perhaps the chief reason for believing that the large majority of the 
particulate genetic determiners occupy nuclear sites is the fact that 
most of the deoxyribose nucleic acid (DNA) is in the nucleus. If 
DNA is genetic material, and particularly if DNA is the only genetic 
material, the relative amounts of nuclear and cytoplasmic DNA pro- 
vide a measure of the relative genetic roles of nucleus and cytoplasm. 
Although recent work, particularly on Pnewmococcus (1), has demon- 
strated beyond reasonable doubt that DNA can carry genetic informa- 
tion, the conclusion that only DNA can do so in vivo is unwarranted: 
in this connection one needs to mention only the fact that DNA has 
not been found in tobacco mosaic virus. At one time the chief evidence 
for a genetic function for DNA was its location in the nucleus; the 
argument has now come full circle and genetic properties are accorded 
the nucleus because it contains DNA! However, so long as ribose 
nucleic acid or proteins remain as possible reservoirs of genetic infor- 
mation (9) (perhaps in vivo if not after extraction), the distribution 
of DNA cannot be considered decisive in evaluating the role of the 
cytoplasm. 
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These considerations lead to the following conclusions. (1) “Master 
molecules” certainly may exist in the cytoplasm. (2) Some of these 
“master molecules’ control characteristics essential for life. (3) 
Methodological difficulties prevent a satisfactory evaluation of the 
extent of such elements, but in general they bias our thinking in favor 
of nuclear and, specifically, chromosomal genetic components. (4) In 
spite of the uncertainty and the evidence of bias, most sexually trans- 
mitted particulate genetic determiners are almost certainly located in 
the nucleus. Cytoplasmic inheritance in sexual transmission is a signifi- 
cant exception to the rule of chromosomal inheritance, but chromosomal 
inheritance is still the rule. 


Before leaving the subject of the cytoplasm’s role in sexual heredity, 
the impression must be denied that all cytoplasmically controlled traits 
transmitted through sexual processes find their physical bases in dis- 
crete particles. There exists an ever-enlarging class of traits which are 
probably cytoplasmically controlled, but for which a particulate basis 
cannot or has not yet been established—those involved in the “barrage”’ 
phenomenon in Podospora (8, 25) ; serotypes in Paramecium (2, 30) ; 
streptomycin resistance in Chlamydomonas (26) ; “pokey” in Neuro- 
spora (19) and “plasmon” characteristics in Epilobium (18), to men- 
tion a few. Although particulate bases for some of these traits may 
(and probably will) eventually be demonstrated, such a basis should 
not be assumed in the absence of supporting evidence. 


Tue Rouge or THE CyTorpLASM IN CELLULAR HEREDITY 


Although the “master molecule” concept, including genetic units in 
both the nucleus and the cytoplasm, is capable of explaining most of 
the results of breeding experiments, it has not provided a uniformly 
satisfactory conceptual framework for explaining embryonic differen- 
tiation and heredity in cell lineages. One application of the master 
molecule interpretation to these problems involves the partitioning of 
the nuclear elements, and specifically the chromosomal potentialities, 
among the cleavage products during the early cell divisions (34). The 
residual potentialities in a cell lineage would then be perpetuated by a 
mitotic mechanism. Some evidence for such chromosomal segregation 
in development was in fact observed (3), and it appeared briefly that 
a unifying theory of heredity could be established to explain both 
somatic and germinal variation and transmission. This hope was short- 
lived, however, for the gross partition of chromosomal elements coinci- 
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dent with cellular differentiation was a rarely observed phenomenon 
and in any case failed to provide sufficient nuclear constitutions to 
account for more than a small fraction of the observed cell types. 
Moreover, studies directed at this particular point by Roux, Hertwig, 
Spemann, and others failed to provide evidence for any nuclear altera- 
tions during development in some forms. We may mention briefly in 
this connection the famous experiments of Spemann on newt eggs (32). 
Spemann constricted fertilized eggs with a ligature, thereby separating 
the cytoplasm into two portions, one with and one without a nucleus. 
After a series of nuclear divisions one of the daughter nuclei might 
escape into the non-nucleated cytoplasm and there continue its divi- 
sions. If the nuclei had undergone any irreversible differentiation in 
hereditary capacities during these early divisions, abnormal develop- 
ment might be expected in the initially non-nucleated portion of the 
egg. However, a normal—if somewhat retarded—twin developed. It 
was concluded, therefore, that nuclear differentiation did not occur dur- 
ing these early nuclear divisions and that some other hereditary 
mechanisms must be involved in differentiation. It should be noted, 
however, that this experiment tested only the equivalence of nuclei 
during the early cleavage stages, i.e., before irreversible cellular changes 
of any kind could be detected. In spite of this fact, such experiments 
were sufficient to convince most biologists that somatic and germinal 
heredity involved separate and distinct mechanisms and must be 
treated as independent problems. More specifically, the interpretation 
evolved that, since germinal heredity was primarily a nuclear function 
and since somatic heredity must have a different basis, somatic varia- 
tion and heredity were primarily under the control of the cytoplasm. 
This opinion did not of course solve the problems of cellular differ- 
entiation and heredity, but only left a vacuum which had to be filled 
with something. A major effort to fill this vacuum involved the exten- 
sion of the “master molecules” into the cytoplasm. By postulating 
various kinds of “master molecules,” assorting at cell division, multi- 
plying at various rates, responding differentially in different environ- 
ments, and interacting with each other in various patterns of competition 
and cooperation, model systems of considerable explanatory value were 
provided (7, 17, 27, 30, 33, 35). While this interpretation has great 
merit as a theoretical scheme, it also has some inherent weaknesses: 
it has not been accepted with enthusiasm, and relatively little evidence 
has been obtained for it as a general phenomenon. Recently, moreover, 
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the basic premise of a cytoplasmic interpretation has been challenged 
by studies which show the early work on nuclear differentiation to have 
been interpreted prematurely. King and Briggs (11) have taken up 
the studies of the early embryologists, but using modern methods of 
investigation have tested the hypothesis of nuclear equivalence at 
later stages of development—at times when irreversible cellular 
changes were known to have occurred. This was accomplished by 
removing nuclei from embryonic cells at various times during develop- 
ment, injecting these nuclei into enucleated eggs, and following the 
course of differentiation. While their results with nuclei from early 
cleavage stages corroborates the earlier experiments, nuclei from pro- 
gressively later stages of development were progressively less capable 
of maintaining normal development, and the types of developmental 
anomalies were correlated with the location of the nuclei in the original 
embryo. Moreover, the anomalies detected with nuclei from differen- 
tiated cells were reproduced upon successive serial transfers, 1.e., they 
were hereditary (4). Although the conclusion that nuclear differentia- 
tion had occurred may be criticized on technical grounds—for it has 
not yet been possible to eliminate the injection of some cytoplasm with 
the nuclei—these experiments do not stand alone, and taken in con- 
junction with other studies support the notion that at least some of 
the hereditary modifications encountered in development have a nuclear 
basis. In particular, the Lederbergs (13) have shown that long-lasting 
but impermanent variations in Salmonella serotypes have physical 
bases intimately associated with the bacterial “chromosome.” It might 
appear, therefore, that the dichotomy between germinal and somatic 
inheritance, between cytoplasmic and nuclear bases, was after all a 
mistake, and that investigations may now converge with a unified 
perspective on the few remaining problems. 

These few remaining problems, however, on careful examination are 
neither so few nor particularly small. Simply because some examples 
of cellular differentiation involve nuclear alterations, we must not 
conclude that all such differentiation has a nuclear basis. We must 
avoid another premature conclusion in our search for parsimony. 
Moreover, several characteristic features of hereditary modifications in 
embryonic development are without explanation in the customary 
frame of reference for nuclear modifications. For example, the changes 
involved in embryonic development may occur at a very rapid rate, as 
opposed to the usually slow rate of “mutations.” These changes are, 
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moreover, clustered in time as opposed to the more even distribution 
of germinal alterations. The embryonic changes occur in regular and 
predictable patterns and are called forth in response to specific environ- 
mental stimuli. Even the changes which occur in a particular cell are 
integrated, and the occurrence of a certain kind of change precludes 
the occurrence of another kind. Perhaps the feature of integration is 
the most characteristic difference between these hereditary alterations 
and those normally termed “mutations.” In spite of these many differ- 
ences in the origin of developmental modifications and germinal modi- 
fications, they are alike in being “hereditary.” This does not mean, 
however, that they have a common physical basis any more than the 
differences in their origin mean they have different physical bases. The 
differences do, however, require some explanation. 


In spite of the great utility of the ‘““master molecule” concept in solv- 
ing some of the problems of heredity, it may also prove a hindrance if 
it excludes other mechanisms from consideration. A unitary concept 
is admirable so long, and only so long, as it provides a simple and suffi- 
cient answer to the problems posed; and those raised by cellular differ- 
entiation are perplexing enough to warrant some examination of altern- 
ative schemes. For this purpose I propose to focus attention on certain 
examples of heredity in cell lineages in those materials with which I 
am most familiar and to attempt a general explanation in terms of 
antagonistic biochemical pathways. It is to be understood that some 
of the phenomena to be discussed are formally explicable at the present 
time on the basis of either persistent metabolic patterns or of master 
molecules. The evidence for “steady states” is only suggestive and 
not compelling. 


Before discussing these systems, it is necessary to review briefly the 
cytological events occurring at conjugation in the ciliates, and particu- 
larly in Paramecium aurelia (Fig. 1) (2, 29). Two kinds of nuclei 
exist in each cell, the large somatic muclei (macronuclei) and the small 
germinal nuclei (micronuclei). When strains of diverse physiological 
types (mating types) are brought together under suitable conditions the 
process of nuclear reorganization called conjugation occurs. During 
conjugation the somatic nucleus breaks down into fragments, and 
identical fertilization nuclei (synearya) are established in the two 
members of a pair. The fertilization nucleus then undergoes two divi- 
sions, forming four nuclei, two of which become somatic nuclei and 
two of which become germinal nuclei. At the first division following 
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Vig. 1. Schematic representation of events occurring at conjugation in 
Paramecium aurelia. 


conjugation the new somatic nuclei are separated into different cells, 
the germinal nuclei divide, and the fragments of the old somatic nucleus 
are randomly assorted among the progeny. Each of the products of 
the first fission gives rise to a clone designated as a caryonide, in recog- 
nition of the fact that all the cells in such a clone contain direct 
descendents of a newly arisen somatic nucleus. Both breeding experi- 
ments and the cytological details demonstrate that the new nuclei 
formed after conjugation in a single pair have the same genic constitu- 
tion. Hence, any diversities observed among the offspring of a single 
pair cannot be due to initial genic differences. I wish to focus attention 
exclusively on traits which characteristically show diversity among 
the products of a single pair and to ignore those traits transmitted by 
Mendelian patterns. 

The first system to be examined is the serotype system in Parameciwm 
aurelia, studied so extensively by Sonneborn, Beale, and their coworkers 
(2, 30). In order to avoid unnecessary complications, the discussion will 
be restricted to certain features of the system studied in the genetic 
species designated as variety 4, and more particularly in strain 51. 

The more significant characteristics of this system may be sum- 
marized briefly. A single cell grown under favorable and uniform 
conditions will usually give rise to a clone of cells which have the same 
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Fic. 2. Schematic representation of intraclonal inheritance and intraclonal varia- 
tions in antigenic specificity in Paramecium aurelia. 
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surface antigens (Fig. 2). If the clone is subjected to any of several 
injurious substances (antibodies, enzymes, physical or chemical agents), 
some or all of the cells may alter their surface specificities (i.e., undergo 
transformation), either in the same or in different ways, depending 
upon the conditions. When the cells are returned to standard condi- 
tions of growth, these new specificities are then maintained for long 
periods of time, i.e., they are hereditary. They may be altered again, 
however, by exposing the cells to environmental stress. When a single 
clone is studied exhaustively, it is found to have a limited number of 
potentialities which differ from those of other clones and which are 
controlled by nuclear genes. In spite of having several potentialities, 
only one specificity is normally: expressed at a single time in a single 
cell. The expression of any one potentiality precludes the expression 
of the others. 

This differentiation of a clone into a number of cell types, each 
expressing its own specificities and transmitting its properties to its 
progeny, is analogous in many ways to the differentiation in a develop- 
ing organism. The chief difference lies in the relative ease of reversal 
of the serotype differentiations; but this, as pointed out elsewhere (21), 
may be a secondary attribute geared to the economy of a unicellular 
organism. 

The physical basis for the serotype variations is elucidated through 
crosses of differentiated cells derived from a common source, a pro- 
cedure not available yet for studying differences in somatic cells in 
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multicellular organisms. As an example we may consider crosses 
between clones of serotypes A and B (Fig. 3). The results of such 
crosses depend strongly upon whether cytoplasmic exchange occurs dur- 
ing conjugation. In the absence of cytoplasmic exchange the nuclei in 
the conjugating cells become identical, but the two cells retain their 
initial antigenic properties and yield exconjugant clones of the original 
types. When extensive cytoplasmic exchange occurs (Fig. 4) the two 
cells become alike in their serotypes and produce exconjugant clones 
of the same type—either both of serotype A or both of serotype B. 


A B 
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Fic. 3. The transmission of antigenic specificities through conjugation in 
Paramecium aurelia when no cytoplasmic exchange occurs. 


These observations establish that the hereditary differences character- 
izing the clones are due, in part at least, to differences in the cytoplasm. 
The failure to obtain cells of mixed types indicates that the mechanisms 
responsible for the perpetuation of different types are antagonistic; the 
differentiation to one type excludes differentiation to another. The 
variations are, in short, interdependent. Before considering possible 
explanations for these phenomena, other similar systems should be 
mentioned. 

A second system which shows many of the characteristics of the 
serotype system, but which also involves some new features, is that 
associated with mating-type inheritance in the so-called Group B 
varieties of P. aurelia, of which variety 4 is again an example (2, 20, 
99. 31). The two mating types in variety 4 are designated as mating 
types VII and VIII. As in the serotype system, cells with the same 
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Fic. 4. The transmission of antigenic specificities through conjugation in 
Paramecium aurelia when extensive cytoplasmic exchange occurs. 





genes may manifest different surface specificities, and these cellular 
characteristics are transmitted with even greater reliability in vegeta- 
tive growth. The transmission of mating types through conjugation is 
also very similar to the transmission of serotypes through conjugation 


(Fig. 5). In the absence of cytoplasmic exchange, each cell usually 
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Fic. 6. The transmission of mating-type specificities through conjugation in 
the Group B varieties of Paramecium aurelia when extensive cytoplasmic exchange 








occurs. 


retains its original type. When cytoplasmic exchange occurs (Fig. 6), 
the two cells usually become alike, either both of type VII or both of 
type VIII, depending upon the temperature. As in the case of the 
serotypes, these observations demonstrate that the perpetuation of a 
cellular type depends at least in part upon a cytoplasmic mechanism. 
Furthermore, since in most cases the two types are mutually exclusive, 
the systems leading to the manifestation of the different types are 
antagonistic. If this were the only information available, the serotype 
and the Group B mating type systems would appear different only in 
relatively minor details. The mating-type specificities, once estab- 
lished, are extremely stable, whereas the serotypes are relatively labile 
and may be reversed under some conditions. The serotype system 
also contains a greater variety of potentialities than the mating-type 
system, but this difference is probably trivial. 


Other information, however, shows that more is involved in the 


TR 


mating-type system than a cytoplasmic mechanism. This conclusion 
is derived from an elegant experiment by Sonneborn (31). A number 
of years ago Sonneborn observed that under some circumstances the 
anlage of the new somatic nuclei either abort or are temporarily 
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suppressed in their development, and that when this happens the 
fragments of the old somatic nucleus begin to develop and are segre- 
cated among the daughter cells as the functional somatic nuclei (Fig. 
7). If the new somatic nuclei are only suppressed, a fraction of the 
cells in an exconjugant clone receives a new somatic nucleus and 
another fraction receives the old fragments. In the absence of cyto- 
plasmic exchange, nuclear regeneration yields the same results as 
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Fic. 7. The transmission of mating-type specificities through conjugation 
accompanied by macronuclear regeneration in the Group B varieties of Para- 
mecium aurelia. 


normal conjugation without cytoplasmic exchange. When both regen- 
eration and cytoplasmic exchange occur, on the other hand, a new result 
is observed. At high temperatures, when only cytoplasmic exchange 
occurs, the two exconjugants regularly yield clones of mating type VIII. 
When both cytoplasmic exchange and regeneration occur, those cells 
receiving the new somatic nuclei behave as expected, i.e., they become 
mating type VIII, regardless of which exconjugant was their source. 
Those cells receiving fragments of the old somatie nucleus from the 
type VIIT cell are also maintained as mating type VIII, but the cells 
receiving fragments from the original type VII cell become mating type 
VII (Fig. 8). These observations clearly contradict a simple cyto- 
plasmic basis for the mating types, and in fact strongly support the 
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notion of a nuclear basis. The mating type of a cell is maintained by 
even a fragment of the nucleus from a differentiated cell: and when 
nuclei of diverse origin are separated at cell division, the mating types 
are also separated. 
We have previously indicated, however, that the perpetuation of 
mating types involves the cytoplasm. The interaction of these two 
components—the nucleus and the cytoplasm—may be understood as 
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Fic. 8. The transmission of mating-type specificities through conjugation in the 
Group B varieties of Paramecium aurelia when both macronuclear regeneration 
and cytoplasmic exchange occur. 


follows. Newly developing somatic nuclei are differentiated as to which 
mating type they will control, and this differentiation is usually irre- 
versible. A major factor in determining the course of nuclear differen- 
tiation is the cytoplasmic environment. The cytoplasmic environment 
normally found in a type VII cell is conducive to the establishment 
of type VII nuclei, and that found in type VIII cells promotes the 
formation of type VIII nuclei. When the two kinds of cytoplasm are 
mixed, one suppresses the other, and the somatic nuclei are determined 
alike in the two members of a pair. 
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The next question this experiment both raises and answers 1s the 
relationship between the nuclear and the cytoplasmic determinants. 
To what extent is the cytoplasmic condition dependent on the nucleus? 
If the cytoplasm is independent, all the sublines of these clones should 
have the same kind of cytoplasm—that established at the previous 
conjugation. If the nuclei in addition to controlling the mating types 
also determine the cytoplasmic constitution, the two kinds of cytoplasm 
should be separated as the two kinds of nuclei separate. The cyto- 
plasmic conditions responsible for specific nuclear differentiation were 
examined by allowing each of the subclones to undergo another process 
of nuclear reorganization (in this case autogamy) and to develop new 
somatic nuclei in their cytoplasm. The results observed were clear: 
clones showing mating type VIII before reorganization produced 
progeny showing mating type VIII, and clones showing mating type 
VII before reorganization produced type VII progeny. Hence, the 
cytoplasmic constitutions were assorted in precisely the same manner as 
were the nuclei and must, therefore, be strongly dependent upon them. 
We must not forget, however, that the nuclear constitution, during its 
early development, is equally dependent upon the cytoplasm. Similar 
nuclear differentiation may also occur in the serotype system, but this 
can scarcely be demonstrated because of the relative lability of the 
serotypes as compared with the mating types. 


This particular system suggests a model for differentiation in higher 
forms involving both nuclear and cytoplasmic elements. Local cyto- 
plasmic and environmental circumstances are responsible for directing 
the course of nuclear differentiation. Both the initial and the subse- 
quent cytoplasmic conditions are, however, strongly dependent upon 
the initial and subsequent nuclear conditions. 

Finally we come to a third type of system, resembling in many par- 
ticulars the system just discussed, and like it involving mating-type 
differentiation and inheritance. Two patterns of mating-type determi- 
nation in P. aurelia have been reported, that in the Group B varieties 
just described and that in the Group A varieties, which will be illus- 
trated by variety 1 (2, 20, 29). This variety contains mating types I 
and II. As in the previous systems, cells with the same genic constitu- 
tion may manifest different traits, and breed true for these traits in 
vegetative reproduction. When crosses are made between the two 
types, either or both types may appear among the progeny of a single 
pair and the distribution of these types comprises a pattern designated 
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. Fic. 9. The transmission of mating-type specificities through conjugation in the 
Group A varieties of Paramecium aurelia. P represents the probability that a 
particular caryonide will manifest mating type I and gq represents the probability 
for a type II caryonide. 


as “caryonidal inheritance” (Fig. 9). If both types are produced by 
a particular exconjugant, they are normally separated at the first fission 
after conjugation—at the same fission at which the new somatic 
nuclei are separated. Caryonides, in other words, are usually pure for 
a particular mating type, but sister caryonides from the same exconju- 
gant are often different. Sister caryonides are no more often alike than 
caryonides from different exconjugants or even different pairs; the 
distribution of mating types among caryonides corresponds to the 
distribution expected by chance alone. The precise correlation between 
the distribution of new somatic nuclei and of new mating types, in 
both normal and atypical situations, leads to the conclusion that the 
somatic nuclei control the mating types. However, since the source 
of the eytoplasm in which they develop has no influence on the nuclear 
conditions established, no specific cytoplasmic direction of nuclear 
differentiation can be demonstrated. Presumably the factors determin- 
ing the pattern of nuclear differentiation are largely intrinsic, and the 
cytoplasm is of relatively little significance. 

In spite of their differences, these three systems of inheritance share 





many properties: 
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(1) The initial genic constitution of a clone determines a spectrum « 
possible phenotypes, but does not dictate which of these will b 
expressed. (This conclusion is well established for the serotypes and 
the Group A mating types, but genic factors have not yet been discov- 
ered for the Group B mating types.) 

(2) The establishment of one of the available phenotypes excludes the 
establishment of the other phenotypes; mixed types are only rarely 
observed. 

(3) When one of the possible phenotypes is established, 1t becomes an 
hereditary characteristic of the clone and is reproduced with great 
reliability. 

The essential difference in the systems lies in the location of the 
mechanisms of perpetuation. The serotype “homeostat,” according to 
available information, is restricted to the cytoplasm; the Group B 
mating types are perpetuated by a dual system with one part in the 
cytoplasm and one part in the nucleus. The Group A mating-type 
homeostat is located strictly in the nucleus. These three systems may 
be summarized as follows (Fig. 10). The serotype system possesses a 
cytoplasmic mechanism which selects one of the nuclear potentialities 
for manifestation. This cytoplasmic mechanism not only dictates which 
of the potentialities of an old nucleus is realized but maintains the 
same sort of pattern when new nuclei develop in the same cytoplasm. 


The Group B mating type system also has a cytoplasmic component, 
@,) or) e, 
bs 2 D ) 
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Fic. 10. Schematic summary of three systems of cellular heredity in Para- 


mecium aurelia The white circles represent the old macronuclei; the whit: 
squares represent newly developing macronuclei: and the arrows represent various 
internuclear and intranucle ar systems of communication 
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but in addition has an intranuclear mechanism for perpetuating a 
choice. The cytoplasmic mechanism is under the direct control of the 
mature nucleus and is responsible for the establishment of a specific 
intranuclear mechanism in the new nuclei, but it has no effect on other 
mature nuclei. The Group A mating-type system dispenses entirely 
With the cytoplasmic mechanism and each nucleus independently 
develops its own intranuclear mechanism of perpetuation. In short, 
the serotype system possesses an internuclear communications system; 
the Group B mating-type system has both an internuclear and an 
intranuclear communications system; and the Group A system has only 
the intranuclear mechanism. In spite of these differences, one is 
impressed by the many similarities and is stimulated to find a common 
physical basis—either in terms of master molecules or of steady states. 

Such a common mechanism may be found in the concept of self- 
perpetuating metabolic patterns, as described in general terms by 
Wright (36), and as applied specifically to the serotype system first 
by Delbrick (6). According to this concept, the environment and the 
genic constitution of a cell potentiate a series of biochemical pathways 
leading to the manifestation of certain surface specificities. The 
various pathways are, however, not independent but interlocked; the 
establishment of one of the pathways results in the inhibition of the 
others. No information is available concerning the mechanism of the 
inhibition, but models for this are not hard to find. The reaction 
products in one sequence, for example, might antagonize parallel steps 
in another sequence. All the observations available concerning the 
systems discussed are formally explicable on such a basis, particularly 
if freedom is permitted in locating the essential reaction sequences. In 
the Group A system they would be restricted to the nucleus; in the 
Group B system they would also be located in the nucleus, but the 
inhibitory agents could spill forth into the cytoplasm; in the serotype 
system the reactions could be distributed uniformly throughout the cell, 
or at least the inhibitors would be freely diffusible. So conceived, 
antagonistic biochemical pathways provide a mechanism both for 
integrating cellular activities and for transmitting specificities in vege- 
tative growth. 

This scheme has the advantages of simplicity and uniformity; its 
disadvantages lie in the difficulty of obtaining critical evidence against 
alternative explanations. The serotypes can still be interpreted in terms 
of plasmagenes (2), particularly of plasmagenes dependent on nuclear 
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genes for their specificity (85). The mating types can still be formally 
explained by some peculiar shuffling of master molecules within and 
between nuclei. The somatic nuclei of the ciliated protozoa present 
many problems and a genetic analysis of differentiated somatic nuclei 
is as difficult here as a genetic analysis of somatic nuclei in higher forms. 
Final judgment must await more information. 


In the past few years I have been directing my attention to a 
detailed analysis of a system of mating-type differentiation in Tetra- 
hymena, which may be less refractory in certain respects than those 
discussed above.* In this system the process of differentiation is not 
restricted to a short period of time, but is extended under some 
circumstances over hundreds of cell generations. This extension in 
time, coupled with a variety of cellular specificities, provides possi- 
bilities of analysis not available in the mating-type systems of Para- 
mecium. Since these studies provide certain insights into the problems 
of nuclear differentiation, I would like to summarize them briefly. 


Variety 1 of T. pyriformis is known at the present time to contain a 
total of seven mating types, any one of which can mate equally readily 
with each of the others, but not with itself. Certain crosses may pro- 
duce all the seven known types; other crosses yield six of the types, 
and still other crosses five. The potentialities for the mating types 
are inherited in simple Mendelian fashion (21). I will restrict my 
remarks to crosses within a series of strains which are homozygous for 
the same mating type alleles and which yield at conjugation the five 
mating types, I, II, III, V, and VI. The distribution of these types 
among the caryonides is analogous to the distribution of types in the 
Group A varieties of P. aurelia. The cells within a single caryonide— 
under certain circumstances—are pure for one of the mating types, but 
sister caryonides are in most cases of different mating types. The 
mating types, in other words, are normally separated at the same cell 
division at which newly formed somatic nuclei are separated, and only 
at this cell division. This observation suggests that developing somatic 
nuclei are differentiated as to which mating type they will control. 
The fact that sister nuclei developing in the same cytoplasm show no 
correlation in mating type (and no correlation with the parental 
mating type) indicates that no specific cytoplasmic condition influences 
the course of nuclear differentiation. These observations, therefore, 
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demonstrate the existence of a system.of nuclear differentiation similar 
to that in the Group A varieties of P. aurelia, but of greater complexity. 


The newer insights come from an analysis of the deviations from 
this pattern. Under certain conditions—specifically, when exconjugant 
clones are not allowed to starve—differentiation is not completed 
immediately, and many clones maintain two or more potentialities over 
long periods of time (22). These incompletely differentiated clones can 
be detected as “selfers,” clones within which conjugation can occur if 
the culture is allowed to starve. From such clones one may in the 
course of time obtain subclones which have completed the differentia- 
tion; this process of differentiation may be accelerated by starving 
the cells periodically. During the past year Dr. Sally Lyman Allen and 
I have undertaken a series of experiments analyzing the course of 
differentiation in these partially differentiated clones. It is our hope 
that information regarding the way the hereditary states are estab- 
lished will provide an understanding of their physical bases, just as a 
study of mutagenesis in conventional genetic work provides an under- 
standing of the nature of “mutations.” 


The first observations regarding these unstable clones concern the 
potentialities which are associated in them. These potentialities are 
defined by the types which can be obtained from the clones when they 
have been stabilized. Although as many as four types have been 
obtained from certain unstable clones, most of the clones have only two 
detectable potentialities, in one of the many possible combinations. 
Whatever may be their physical basis, therefore, certain of the unstable 
states—specifically, those with only two potentialities—are more stable 
than others. The larger the number of residual potentialities, the less 
likely is a clone to maintain it; the only completely stable condition is 
that in which only one potentiality is maintained. Even among the 
clones with dual potencies, differences in stability—based upon which 
potentialities are present—may be detected. Thus, almost any combi- 
nation of potentialities may be observed in young clones (60 to 100 
fissions after conjugation), but the association of potentialities in the 
clones which persist in the unstable state for hundreds of fissions 
becomes progressively less random. The persistent unstable clones 
(“metastable clones”) are almost exclusively clones with the potential- 
ities for types I and VI. These observations suggest that interactions 
among the various gene-controlled potentialities exist and that the 
interactions are not uniform; some of the antagonisms are quickly 
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resolved, and others are maintained for long periods of time under 
constant growth conditions. 

A second series of observations, primarily on the I-VI metastable 
clones, demonstrates that within a single clone a large and perhaps 
continuous array of nuclear states occurs. If the vegetative progeny 
produced from a single cell through eight to ten fissions are examined, 
some will be stabilized to one of the possible types, some additional 
ones may be induced to stabilize by starving them in distilled water, 
and some will remain in the unstable state (Fig. 11). In such a short 
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Fig. 11. Representation of the cell types found in small subclones of selfing 
caryonides in Tetrahymena pyriformis. The black portion of the bars represents 
the cells which are stable for a mating type and which breed true in subsequent 
growth. The hatched portion represents those cells which can be forced to 
stabilize by starvation in distilled water. The white portion represents the cells 
which cannot be stabilized by any known method. 


period of growth only one of the two potentialities is normally stabi- 
lized. Different subclones derived from the same source after a larger 
number of fissions may stabilize at different types, and those stabiliz- 
ing at the same type will differ in the fraction which have stabilized. 
Since the behavior of the individuals in such a subclone reflects the 
nuclear state in the cell beginning the clone, and since a continuous 
array of subclones is observed, the simplest interpretation of these 
phenomena is that a continuous array of nuclear conditions exists. 
Moreover, since the stabilization within a small subclone is normally 
to either one type or the other, we must conclude that the nuclear state 
conducive to the stabilization to one type is not favorable to the 
establishment of the other; a spectrum of nuclear states exists, varying 
from that readily stabilized to type I, through that not stabilized with 
ease to either type, to that prone to fr equent stabilization at type VI. 
Once a cell is stabilized no known method for restoring the instability 
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exists, but in the course of time the various kinds of unstable nuclear 
conditions are interconvertible. 

Another method for studying the nuclear states in subclones rein- 
forces the previous conclusion and also provides information on the 
rate of change of the unstable states. As in the previous experiments, 
subclones are initiated from single cells and a number of cells are 
isolated from each subclone. These derived cultures are then main- 
tained in serial isolations, and their behavior in the course of time is 
recorded (Fig. 12). The cultures from some subclones may stabilize 
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Fic. 12. The time course of stabilization in various subclones of unstable 
caryonides maintaining the specificities for types I and VI. The upper graph is 
based on 1200 single cell isolations; the lower graphs are based on 60 or less. 


very rapidly to type I; those from others may stabilize very rapidly 
to type VI; those from still others may stabilize only very slowly, and 
the two types will appear at approximately the same rate (Fig. 13). 
The fact that both types do not appear at a rapid rate within a single 
subclone establishes again a correlation between the rate of stabiliza- 
tion and the quality of the stabilization. A high initial rate of stabili- 
zation to I is correlated with a low initial rate of stabilization to VI, 
and vice versa. Regardless of the differences in the initial rates of 
stabilization, eventually the rates of stabilization to the two types 
become equivalent. The time required for these rates to become 
equivalent, however, depends upon the initial rates. Those with high 
initial rates to one type may require several hundred cell divisions; 
those with low and nearly equal rates may reach equivalence by 50 
to 100 fissions. Presumably, by the time the rates are equivalent the 
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Fic. 13. A summary and interpretation of the observed rates of stabilization of 
unstable cells in Tetrahymena pyriformis. Each of the graphs on the left repre- 
sents the rates of stabilization in time of subclones derived from a common source. 
The center diagrams suggest an interpretation in terms of a continuous spectrum 
of nuclear states, the extreme variants of which are permanently stabilized. The 
diagrams on the right represent the relative probabilities of stabilization to the 
types I and VI as arrows of different lengths. 


still unstable daughter nuclei are distributed at random throughout 
the entire array of nuclear states, 

These observations on Tetrahymena may be summarized briefly 
(Fig. 14). Initially a new somatic nucleus possesses a spectrum of 
potentialities conferred on it by its genes; in a short period of time 
certain of these potentialities have been discarded and only two remain; 
depending upon which two potentialities are present, this condition is 
resolved either rapidly or slowly by the exclusion of one of the 
remaining types. With some paired potentialities a reasonably stable 
intermediate condition can be maintained over long periods of time, 
and will show constant fluctuations in both directions until the nuclear 
state reaches a “point of no return,” after which the state becomes fixed 
and is maintained indefinitely. 
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Fic. 14. An interpretation of the progressive restriction of mating-type poten- 
tialities in Tetrahymena pyriformis, based on the concept of competitive bio- 
chemical pathways. 


These studies demonstrate a class of hereditary variations which 
arise gradually over extended time intervals, unlike the discrete, 
temporally localized alterations characterized usually as “mutation.” 
While these variations are in some instances associated with the nuclei, 
very similar, and perhaps essentially identical, variations have cyto- 
plasmic bases, or even bases in both nucleus and cytoplasm. A 
geographical distinction between these bases does not appear particu- 
larly useful. While no compelling evidence for any particular mechan- 
ism can yet be advanced, these hereditary mechanisms can be conceived 
at least as well in terms of self-maintaining biochemical patterns as in 
terms of master molecules—either nuclear or cytoplasmic. 

If such an interpretation can be more firmly established, some 
reconciliation between the two classes of hereditary mechanisms will be 
in order. Such a reconciliation has, of course, been implicit in the pre- 
vious discussions. Reverting to our earlier allusions concerning proto- 
plasmic governments, the master molecules could impose constitutional 
limitations on the arotoplaeis all those activities provided for in the 
“eonstitution” would be possible, but the possible activities in any cell 
far outnumber the realized activities. The biochemical antagonisms 
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would be mechanisms for selecting among those possibilities and inte- 
erating them into a smoothly operating whole. Some of _ these 
antagonisms would be located within the nuclei (or even within the 
chromosomes; if localized within the chromosomes and stable enough to 
persist through gametogenesis, they would mimic “gene mutations” and 
would be operationally indistinguishable from them). Other antago- 
nisms would spill into the cytoplasm and yield cytoplasmic differentia- 
tion. Some might even pass beyond the cell boundaries in multicellular 
aggregates or organisms and, by creating “fields” of influence, cause 
associated cells to differentiate in similar patterns. In those cases where 
cell populations with different developmental histories are brought into 
close association, these intercellular influences might bring about special 
alterations in one or both of the populations, and thus provide a model 
for induction. In such a manner the entire organism would be integrated, 
and the role of the genetic determinants in the various differentiated 
tissues would be comprehensible. It appears unlikely that the role of 
the genes in development is to be understood so long as the genes are 
considered as dictatorial elements in the cellular economy. It is not 
enough to know what a gene does when it manifests itself. One must 
also know the mechanisms determining which of the many gene- 
controlled potentialities will be realized. In so far as these homeostatic 
mechanisms perpetuate a given specificity, they are “hereditary” 
mechanisms, and their physical basis is a part of the physical basis 
of inheritance. . 
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DISCUSSION 


Dr. Kacserr: I would like to make a point of correction in defense 
of Dr. Beale, who is not here. I work in the room next door, and I 
take it upon myself to interpret his reactions. I think Dr. Nanney 
implied that Dr. Beale favors the Delbriick steady state hypothesis. 
I don’t think that if he were here he would agree to that. There are 
certain difficulties with the hypothesis and certain consequences appear 
to be absurd if one takes them to the logical conclusion, and this gives 
rise to serious doubts. I think the alternative explanation is contained 
in his book, so I think it should be made clear that all is not well 
with the steady state system. 


Dr. Guass: Do you think that Dr. Beale favors the hypothesis of 
the master molecule? 


Dr. Kacsrr: I wouldn’t like to speak for Dr. Beale now, but I think 
there are alternatives to the master molecule, which is reproduced in 
the same sense that a nuclear gene is reproduced. An alternative system 
may be concerned with the establishment of certain solid phases in the 
cytoplasm which can be perpetuated as such. Strictly speaking it 
should not be described as steady state, because the term steady state 
applies to a homogeneous chemical system which is in dynamic equl- 
librium. The solid phases, of course, do not stand in dynamic 
equilibrium with their metabolic brothers, and therefore they don’t 
enter the steady state system in the same way as the rest of the 
metabolic products. 


Dr. Nanney: [ had no intention of setting forth in any great detail 
any particular model for the serotype system and I certainly do not 
wish to put words in Dr. Beale’s mouth. When I used the term “steadv 
state,” it was as a broad general term, intended to encompass all those 
hereditary mechanisms which do not depend entirely on “self-duplicat- 
ing” particles for perpetuation. While in a strict sense Beale’s model 
may not be a steady state model, it falls into the class of mechanisms 
to which I was trying to draw attention. Perhaps my use of the term 
“steady state” in this imprecise manner was unfortunate. and some 
more generally acceptable term should be adopted. What I have tried 
to do is to emphasize that all hereditary differences may not be due 
to differences in the DNA. 


Dr. Lurta: I would like to point out that at the present stage it may 
be disadvantageous to oppose two such concepts, because what we 
are talking about is a matter of gene function. What is relevant is 
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whether the phenomena of cytoplasmic inheritance can be explained 
by interaction of gene activities at the level of primary gene functions 
or at late stages of function in the cytoplasm. Take, for example, the 
Suggestion mentioned by Beadle this morning that you can have a 
mutant producing a certain gene product which is affected by a 
product of another gene. We may also think of a gene directly suscep- 
tible to inhibition by the product of another gene. Interactions of 
genes as units of function may occur at the level of the primary gene 
products within the chromosome, at the level of one late gene product 
interacting with the primary product of another gene, or finally by 
interaction between very late gene products. I think there are too 
few data for distinguishing in chemical terms between these possibilities. 

Dr. Porrer: I understood Dr. Nanney to say that he favored both 
concepts and that the final view would probably incorporate both views, 
which I certainly would want to go along with. I think there is a 
necessity here to take into consideration the fact that if we translate 
this into biochemical terms the synthesis of DNA appears to be 
irreversible, so this sort of gets into the master molecule line and is not 
a steady state phenomenon. The building blocks that go into DNA 
seem to stay as DNA and do not go back into the acid soluble pool. 
On the other hand, there is every reason to believe that there is a 
whole hierarchy of dissociation constants between the various RNA 
types that are formed and the nucleotide pool which enters into each 
one of them. I think that all the studies which have to do with the 
economics of scarcity in this system are what bring forth the differen- 
tiation, in that the RNA molecules which have the greatest pulling 
capacity for the 4 building blocks which they use finally take domi- 
nance over those which have less affinity for these building blocks. I 
had to say RNA molecules—someone had to say it some time in 
this symposium. 


Dr. LeperBerG: I would like to punctuate those remarks in the same 
direction. I would be very much interested if anyone here could furnish 
the model for an experiment with which one could decide between the 
models. I don’t think that would be possible, because they are models 
of different kinds. The steady state is essentially a mathematical one, 
and the master molecule is essentially either a political or a particulate 
model, whatever you want to call it. They are neither exclusive nor 
non-exclusive—they are descriptions of different kinds of things that 
are going on. It is a lot like asking whether it is more correct to say 
that the George Washington Bridge is made of steel or whether the 
cables take the form of a catenary. 


Dr. Porter: It’s not something you can’t talk about. You have some 
molecules that pull in the building blocks and don’t dissociate, whereas 
other molecules can take them in and give them back. Isn’t that right? 
Or is that relevant? I would like to hear Dr. Nanney’s opinion. 

Dr. Nanney: I am in agreement with Dr. Lederberg’s comments so 
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long as he uses the term “steady state” in its strict sense, 1.€., as a 
mathematical concept. I do not on the other hand agree that experi- 
mental distinctions are impossible between mechanisms involving 
“autocatalytic particles’ and mechanisms which lack such particles. 
As Dr. Luria implied, what is required is a more detailed knowledge 
of the biochemistry of the various systems. Since the systems about 
which I have spoken have been studied primarily from a “biological” 
point of view, we have no direct information that RNA or any other 
compound is involved. We would like very much to know what chemi- 
cal reactions are involved in these particular patterns of determination, 
but we have only begun such an analysis. Perhaps in 5, 10 or 15 years 
we can talk about the particular biochemical sequences or of the 
molecules involved. This was one of the main reasons for shifting study 
to Tetrahymena, which can be grown more easily in a controlled bio- 
chemical environment than can Paramecium. I am hesitant at the 
present time, however, to speak in more than general terms about what 
the mechanisms might be. 


Part. Ut 


ROLE OF THE NUCLEUS, NUCLEIC ACIDS AND 
ASSOCIATED STRUCTURES IN CELL DIVISION 
AND PROTEIN SYNTHESIS 
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SOME PROBLEMS IN THE CHEMISTRY OF MITOSIS 


DanteEt Mazia* 
Department of Zoology, University of California, Berkeley 


THE PRECISION OF THE mechanisms of heredity depends not only on the 
exact replication of the genetic material but also on the just distri- 
bution of the products. Each daughter cell must receive a full repre- 
sentation of the genes present in the parent cell. The most familiar 
solution to this distribution problem—the mitotic cycle—imposes 
radical requirements on the design of the cell. Indeed, the only reason 
for discussing mitosis In a symposium on the chemical basis of heredity 
is to relate the genetic material to the reproductive process at the 
level of the whole cell. 

The most obvious feature of the design of the cell for mitotic repro- 
duction is the assembly of large numbers of genetic units into a small 
number of packages: chromosomes. This is especially striking when 
we consider that a chromosome in a plant or animal cell may contain 
upwards of 10% units the size of a DNA molecule,’ and later, as we 
have heard here, may itself contain a large number of genetic activities 
as defined by recombination data. We have no basis for imagining a 
mechanism whereby such large numbers of units could be distributed 
properly if they were free, but do understand the principle whereby 
they are distributed if they are aligned in small numbers of chromosomes. 

The essential point of the design of the chromosome for mitosis is 
the presence of a specialized body which is variously termed the 
centromere, kinetochore, or, more descriptively, the point of spindle 
fiber attachment. We cannot state positively that this body is not 
composed of genetic material, for we know nothing about its structure 
or chemistry. But we do know that it is indispensable, and it appears 


* This work was aided by the Office of Naval Research (on Contract Nonr-22(24) ) 
and by the American Cancer Society, through the Committee on Growth, National 
Research Council. The report includes the products of collaboration with Mr. John 
D. Roslansky and Dr. Robert Hersh, of the University of California, and Mr. 
Robert E. Kane, of Johns Hopkins University, which will be published more fully 
elsewhere. 

The calculation assumes a particle weight of 107 for DNA, a weight of 10—¢ 
micrograms for the chromosomal material of the nucleus, and a complement ot 
50 chromosomes. 
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that it arrogates entirely the functional operations of the chromosome 
during mitosis. Genetic material can be distributed to daughter cells 
only if it is attached to a kinetochore, and the kinetochore will carry 
out its functions whether or not it is accompanied by its normal retinue 
of genetic material. Thus, the plant or animal chromosome is not 
merely an array of genes, but rather an array of genes attached to a 
kinetochore. Beyond the fact that the duplication of the kinetochores 
seems to be as exact as the duplication of the genetic material, we can- 
not say what it has in common with it. If we recall Stern’s (16a) sum- 
mary of genetic evidence that the genes function only between divisions 
and the evidence (discussed by Mazia, 11) that the physiological and 
biosynthetic activities of the nucleus are in abeyance during mitosis, 
we arrive at an interesting hypothesis: that during division the role 
of the genetic material is passive; it is taken along for the ride! I am 
afraid that this is a rather negative contribution to a symposium on 
the chemical basis of heredity, but it does provide a fragment of the 
time-perspective that we need so badly. 


A further expression of chromosome organization in relation to 
mitosis is the condensation into compact bodies that the very term 
chromosome ordinarily connotes. In most kinds of cells, we cannot see 
the interphase chromosome, and imagine a highly uncoiled and 
extended thread. The fact that the chromosomes condense in prepara- 
tion for mitosis makes very good sense in terms of the sheer mechanical 
task of moving them about precisely. 

The exact mitotic distribution of the genetic material is not to be 
comprehended entirely in terms of chromosome structure and behavior. 
The best-organized chromosomes will not, in cells as we know them, 
distribute themselves correctly without the occurrence of a major 
transformation in the structure of the entire cell: the formation of the 
mitotic apparatus. This term is applied (12) to the entire ensemble of 
chromosomes, centrioles, spindle, and asters. The precision of the 
distribution of genetic material depends on the polarity and alignment 
of the mitotic apparatus to the extent that a number of fairly rigorous 
“rules” may be discerned. Since the available information about the 
physics and chemistry of the mitotic apparatus has been reviewed 
fairly recently (11), I shall concentrate, in this presentation, on ques- 
tions that have been opened since the writing of the review mentioned, 


my theme being the relation of mitosis to the chemistry of the cell 
as a whole. 
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ISOLATION OF THE Miroric APPARATUS; NEWER DEVELOPMENTS 


The mitotic apparatus is a conspicuous feature of the dividing cell. 
It represents a large part of the cell volume and contrasts optically 
with the rest of the cell because it does not include mitochondria or 
other large particles, and hence appears as a clear area. With phase 
contrast and polarization optics many of the details that were originally 
discovered in fixed and stained cells may now be seen in the mitotic 
apparatus of the living cell. In fixed and stained material, the spindles 
and asters have been designated as the “achromatic figure’ because 
they stain less intensely with basic dyes than the chromosomes and, 
often, than the background cytoplasm. Nevertheless, they are baso- 
philic, and recent studies employing basic stains (2, 17), and ultraviolet 
absorption (19) have led to the conclusion that the mitotic apparatus 
contains ribonucleoproteins. This is a point to which I shall return. 

Obviously, the machinery of mitosis involves the structural and 
chemical differentiation of a large part of the cell, and the problem is 
made more interesting by the fact that the apparatus vanishes between 
divisions. Part of the task of trying to understand mitosis is to investi- 
gate in more detail than is permitted by optical methods alone what sort 
of structure the mitotic apparatus is, and we have approached this 
problem through the mass isolation of the mitotic apparatus from 
populations of dividing cells. 


A method for isolating the mitotic apparatus from dividing sea 
urchin eggs was described by Mazia and Dan in 1952 (12). The pro- 
cedures have been modified since that time, but are still based on the 
principle of selective solubilization: the dispersion of the cytoplasm by 
chemical agents that do not disrupt the mitotic apparatus. The cells 
used in this work were the eggs of the sea urchins Strongylocentrotus 
purpuratus, S. franciscanus, and Arbacia punctulata. 

The first problem in developing the isolation procedure was to find 
a means of arresting the cells with minimum disturbance of the mitotic 
apparatus. This was solved by the use of 30 per cent ethanol at 
— 10° C., and such a treatment is the first step in all of the methods 
we have used. Thus far, we have found that direct treatment of the 
living cells with dispersing agents does not preclude the rapid break- 
down of the mitotic apparatus that is commonly observed when the 
cell is insulted, Recently, we have attempted to substitute glycerol 
at low temperature for ethanol at low temperature, since Hoffmann- 
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Berling (4) has found that the mitotic apparatus of various vertebrate 
cells in tissue culture could be preserved in this way. Unfortunately, 
this treatment did not work with sea-urchin eggs. The mitotic appa- 
ratus of the much larger sea-urchin egg apparently broke down before 
the cells could equilibrate with the glycerol. 

Mazia and Dan had used H2O2 and sodium dodecy! sulfate as a 
dispersing agent. Later, I reported a procedure employing the much 
gentler detergent, digitonin, without the use of peroxide. Most of the 
chemical work has been done with mitotic apparatus isolated by the 
digitonin method, which has been described elsewhere (10). The 
assumption that digitonin is in fact an agent that may disperse cell 
structures without denaturing biochemically active proteins has been 
substantiated in a number of cases. Most recently, Lehninger (7) has 
described the use of digitonin to disrupt mitochondria into smaller 
particles that retain the capacity for oxidative phosphorylation. 


In evaluating the digitonin method, there are good reasons for 
assuming that neither the treatment with subzero ethanol nor with 
digitonin is likely to produce biochemical inactivation. A much more 
serious criticism of the method—as of most isolation methods—is that 
the organelle we are isolating is likely to include, in the living condi- 
tion, important soluble components that will be washed away. Thus, 
we may claim that we have isolated the mitotic apparatus as a structure 
by a relatively gentle method, but cannot claim that the isolation pre- 
serves all of the functionally significant constituents. 

We cannot begin to be satisfied with a cytochemical isolation pro- 
cedure until the structures we are dealing with are isolated in media 
that approach the normal intracellular environment in composition. 
Even in the case of well-established methods such as the isolation 
of nuclei and mitochondria in sucrose solutions, one cannot help 
wondering why one fails when he uses electrolyte media that match 
the supposed composition of the intracellular aqueous environment. 
We have worked continuously toward a method of isolating the mitotic 
apparatus in an electrolyte solution and without the aid of a detergent, 
and have very recently found an unusually interesting condition for 
success. Earlier, we had found that the use of KCI or KCl-versene 
solutions gave poor isolation of the mitotic apparatus. Mechanical 
homogenization was required, and what was recovered was fragments 
containing mitotic apparatus heavily contaminated with coagulated 
cytoplasm. We have now found that a normal constituent of the cell, 
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added to the KCI solution, serves as a dispersing agent comparable in 
effectiveness to digitonin: that constituent is ATP! 

This finding came about partly as a byproduct of studies of the 
reaction of the mitotic apparatus to ATP and partly under the influence 
of the observations (summarized by Weber and Portzehl, 20) that ATP 
in high concentrations serves as a “‘plasticizing” agent for the structural 
elements of muscle. The eggs are transferred from the subzero 30 per 
cent ethanol to a medium containing 0.15 Jf KCl, 0.01 M phosphate 
buffer and 0.01 MW ATP, the final pH being 7.0. In this medium the 
eggs are dispersed by manual shaking, about as with digitonin, and 
the mitotic apparatus is set free. The mitotic apparatus may then be 
purified simply by centrifugation in the same medium or in the KCl- 
phosphate buffer without ATP. The ATP is clearly serving as a 
dispersing agent; without it the eggs are coagulated and tough, with it 
they are soft and tend to disperse. 

The structure of the mitotic apparatus isolated by the ATP method 
is not greatly different from that obtained with digitonin (Fig. 1). The 
chromosomes tend to be dissolved, for reasons that we do not yet under- 
stand, but this is not a disadvantage for most of our studies, which are 
concerned with the other parts of the mitotic apparatus. 





Fic. 1. Mitotie apparatus isolated from S. purpuratus eggs by the ATP method. 
Phase contrast photographs of figures suspended in 0.1 M KCl dissolved in 30 


per cent glycerol. 
A. 125 X B. 500 X 
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The most striking feature of the material isolated with the ATP 
method is its sensitivity to the ionic environment. In water, these 
mitotic apparatus swell to the point where they almost vanish from 
view under phase contrast. On addition of electrolyte, they shrink 
progressively. The effects are all reversible. This is a most interesting 
property in view of various proposals, in the past, that swelling 
mechanisms played an important part in mitosis. The ATP method 
has been developed only recently and has been exploited very little. It 
seems worthy of mention at this time because it frees us from the 
degree of artificiality introduced by the presence of detergents. The 
ATP concentration used may seem high, but in facet it is only shghtly 
higher than that which is believed to exist in resting muscle (15) and 
in other tissues (8). 


CHEMICAL CHARACTERIZATION OF THE Mutroric APPARATUS: 
THE NUCLEOTIDE CONSTITUENT 


The first results of the analysis of the isolated mitotic apparatus 
were hardly surprising. It turned out that it consisted largely of 
proteins. Since many of the chemical results have been discussed 
elsewhere (10), I shall merely sketch the picture as it now stands. 

(1) The mitotic apparatus may be dissolved by means that split 
disulfide bonds. Ordinarily, we use alkaline thioglycollate. While the 
results have been interpreted as indicating intermolecular S-S bonding, 
there are alternative explanations of the solubility properties. For 
instance, the thioglycollate could be competing with the protein for 
S-N bonds such as have been postulated recently by Barany (1) in the 
case of the polymerization of actin (ef. also, Mazia, 9, discussion fol- 
lowing paper). 

(2) The protein obtained by dissolving the mitotic apparatus in 
thioglycollate seems to be relatively homogeneous by the standards 
applied thus far. It is completely precipitated at pH 4.5 and gives an 
electrophoretic pattern containing one major component and a minor, 
faster-moving component which is interpretable as the same protein 
whose mobility is increased by the binding of nucleotide. 

(3) The mitotic apparatus isolated with digitonin contains a con- 
siderable quantity of nucleotide. Estimated as RNA by perchloric acid 
extraction and ultraviolet absorption, it amounts to 2-3 per cent of the 
ee of oe W hole Tutoue apparatus. The full complement of chromo- 
somal DNA that is present in the isolated material represents so small 
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an absolute quantity compared with the mitotic apparatus as a whole 
that it is insignificant for these analyses. 

The question of RNA and the mitotic mechanism has acquired 
increasing significance as microscopic cytochemical methods have been 
applied to the study of mitosis. The studies of Jacobson and Webb 
(5), of Walker and Yates (19), of Stich (17), and of Boss (2) describe 
interesting changes in “RNA” during mitosis as observed by staining 
and ultraviolet microscopy, and have evoked some challenging specu- 
lations. The possibilities are important enough to stimulate a closer 
examination of the “RNA” of the mitotic apparatus. As I stated in 
an earlier paper (10), the material ‘. . . is presumed to be RNA 
because it may be extracted with cold 5 per cent perchloric acid, but 
it has not yet been subjected to nucleotide analysis.’”’ Most workers 
employing staining or ultraviolet absorption methods are willing to 
make a similar qualification. 

Dr. Robert Hersch has undertaken a study of the nucleotides of the 
isolated mitotic apparatus. The starting material was isolated by the 
digitonin method; the objection to the newer ATP method in this con- 
nection is obvious. The perchloric acid extract, which showed the 
typical nucleotide absorption spectrum, was concentrated and subjected 
to paper chromatographic analysis using several solvent systems.* ATP, 
ADP, and RNA that had been subjected to the same perchloric acid 
treatment as the mitotic apparatus, and hydrolyzed RNA were tested 
at the same time. 

A single nucleotide component was obtained under conditions where 
RNA was resolved into constituent nucleotides. At the present moment 
this nucleotide has not been identified unequivocally. On the basis of 
its migration on paper with several solvents, it could be ADP, cytosine 
monophosphate, or uridine monophosphate. We are particularly inter- 
ested in the possibility that it may be ADP. In control experiments, 
Dr. Hersch has found that ATP is largely converted to ADP by the 
same perchloric acid treatment that was applied to the nucleotide of 
the isolated mitotic apparatus. Hence, if the nucleotide he is recovering 
is ADP, it would be possible that the mitotic apparatus contains ATP. 


Pending the exact identification of the nucleotide component of 
the isolated mitotic apparatus, we may doubt whether it is RNA. 


*The systems that gave the best separations were those suggested in Pabst 
Laboratories (Milwaukee, Wis.) Circular No. OR-10, entitled “Ultraviolet Absorp- 
tion Spectra of 5’-Ribonucleotides”, January, 1956. 
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We may imagine the protein of the mitotic apparatus to contain at 
least 2 per cent of single nucleotide in a form that is bound so firmly 
that it is not removed by the preliminary extraction of the eggs with 
30 per cent ethanol nor by the subsequent treatment with digitonin and 
the successive washings that are used to remove the digitonin and the 
cytoplasmic particles. From a cytochemical point of view, it is possible 
that the material that has been identified in the past as RNA by stain- 
ing or ultraviolet absorption could be, to an important extent, a protein- 
bound nucleotide such as ATP. Obviously this would be a matter of 
great interest in connection with the movements that are the essence 
of mitosis. If we are dealing with a system containing contractile 
proteins, comparable to muscle proteins, as has long been imagined 
and has been demonstrated by the work of Hoffmann-Berling, the bind- 
ing of nucleotide would seem to be a requirement, although we would 
not necessarily predict such firm binding that it would withstand the 
procedure used in isolating the mitotic apparatus. The apparent shifts 
in nucleotide concentration within the mitotic apparatus during ana- 
phase movement, such as have been described by Boss (2), might be 
interpretable in terms of local contractile events. I do not wish to intro- 
duce excessive speculation at this time, but only to point out that the 
picture of the protein of the mitotic apparatus as it now emerges does 
bring its chemistry a little closer to functional expectations. 


QUANTITATIVE RELATION BETWEEN Mrroric APPARATUS AND CELL 


Microscopically, the mitotic apparatus is a conspicuous body, occu- 
pying a large part of the volume of the cell. There is no evidence of 
a differentiated membrane, but the gel mass is solid enough to prevent 
the intrusion of mitochondria and other particles and to be manipu- 
lated. Clearly it involves more substance than just the fibers that we 
can see; it is a region where part of the cell substance has separated 
from the rest, and this is one reason for formulating its structure as 
that of a gel upon which fibrous orientation and condensation have 
been imposed by kinetochores and centrioles. 

The isolation of the mitotic apparatus made it possible to deal with 
the question: how much of the cell’s protein is invested in it (13)? The 
experimental approach is merely to determine the protein content of 
one mitotic apparatus and compare it with that of the cell. Technically, 
it has not been feasible actually to analyze a single mitotic figure, nor 
did sampling methods for counting large numbers prove to be reliable. 
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We jell back on a compromise: the analysis of small numbers that 
could be counted directly and yet could be analyzed for protein by 
sensitive methods that are now available. Table 1 gives the results of 


TABLE 1 


Prorern CoNTENT oF WHOLE Strongylocentrotus purpuratus Eas AND oF 
Mitotic Apparatus IsoLaTeD FROM THESE Eacs 


A. Eggs (unfertilized) 











: Total Protein 
Number protein per egg 
analyzed (10-* mg.) (10-5 mg.) 

40 285 fa 
86 480 5.6 
65 460 da 
33 219 6.6 
95 530 5.6 
19 134 7.0 
39 280 7.2 
85 490 5.8 
581 680 5.0 
136 295 Bel 


average: 6.2 X 10°-° mg. protein per egg 


B. Isolated mitotic apparatus 
(metaphase and anaphase stages) 








Total Protein per 
Number protein mitotic apparatus 
analyzed (10~* mg.) (10-° mg.) 
410 300 13 
303 240 79 
221 160 76 
512 360 .70 








average: .72 X 10-5 mg. protein per mitotic apparatus 
: . O35 i, 42 e 
Fraction of cell protein in mitotic apparatus = 62. 11.6%. 


a series of such determinations. The data presented the mitotic appa- 
ratus at metaphase and anaphase of the first cleavage of Strongylo- 
centrotus purpuratus. The populations are not perfectly homogeneous 
with respect to the stage of mitosis, and we might expect, from visual 
evidence, that a group containing more of the later stages would contain 
more material. Thus the results are somewhat variable, but it appears 
that in the sea urchin egg about 10 to 12 per cent of all of the protein 
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in the cell is invested in the mitotic apparatus. This figure, it should 
be noted, includes the asters. 

These values should not have occasioned as much surprise as they 
did. The mitotic apparatus does occupy a large part of the volume of 
the dividing sea-urchin egg, and is even larger, relative to the whole 
cell, in other cases. Either the mitotic apparatus has a very low 
density and high water content, or else it must account for a goodly 
proportion of the cell’s substance. But we now have evidence from 
interference microscopy that the mitotic apparatus of the sea-urchin 
egg has about the same concentration of dry matter as does the granule- 
free cytoplasm (14), and more recent results of x-ray absorption 
studies on plant cells show that the material density of the mitotic 
apparatus is not greatly different from that of the cytoplasm generally. 
Therefore, in considering the origin of the mitotic apparatus, we are 
concerned with cell proteins in large amounts. 

One consequence of this fact is that it casts doubt on the simple, 
commonly assumed notion that the nucleus carries the substance of the 
mitotic apparatus and delivers it to the cytoplasm when the nuclear 
membrane breaks down. This seems to be excluded in the ease of the 
sea-urchin egg, where the mitotic apparatus involves eight times as 
much protein as could be contained in the nucleus if the latter were 
solid protein. The evidence does not exclude the possibility that the 
protein of the mitotic apparatus is ultimately synthesized in the nucleus 
nor that the nucleus directly contributes some important constituent. 
Certainly, we are required to account somehow for the close correlation 
between nuclear events and the appearance of the mitotic apparatus. 


SYNTHESIS vs. ASSEMBLY OF THE PROTEIN OF THE 
Mirotic APPARATUS 


Now that we know that the mitotic machinery may implicate 10 per 
cent or more of the protein of the: dividing cell, we are bound to ask 
whether the cell makes this much extra protein during division or 
whether it assembles preexisting protein to form the mitotic apparatus, 
The older cytologists gave considerable thought to the latter possibility, 
proposing that the cell contained a fibrous component—an “archo- 
plasm” (3) or “kinoplasm” (18)—that congregated and oriented itself 
at the time of division under the influence of the mitotic centers. 

There is every reason to conclude that there is no net synthesis of 
proteins in cells during division. The sea-urchin egg with which we 
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work is a poor object on which to test this, because the possibility of a 
net gain of “active” protein at the expense of storage protein cannot be 
ruled out experimentally, but there is adequate evidence from other 
eases. I have summarized this evidence elsewhere (13). 

It we can exclude the production of extra protein to form the mitotic 
apparatus, we face several alternatives. (1) The protein of the mitotic 
apparatus may exist in the cell before division in a pool of some kind, 
and the formation of the mitotic apparatus may be merely an assembly 
process. (2) The protein of the mitotic apparatus may be made avail- 
able by disassembly of structures in the interphase cell that are made 
of the same protein. Possibilities (1) and (2) are the same in so far 
as they do not require that the dividing cell carry out a synthesis of 
protein molecules, but demand only intermolecular assembly and dis- 
assembly. Both are in harmony with the classical hypothesis mentioned 
above. Experimentally, if either (1) or (2) is correct, we may expect 
to find in the cell before division an adequate amount of protein that 
is qualitatively identical with the protein of the isolated mitotic appa- 
ratus. This should, according to the first alternative, be recovered as 
soluble protein before division and disappear from the soluble phase 
as the mitotic apparatus forms. The second alternative, which implies 
a pool of soluble protein that is being depleted and replenished in the 
course of the formation of the mitotic apparatus, is more difficult to 
deal with. 

A third possibility is the actual breakdown of preexisting protein 
and a total synthesis of mitotic-apparatus protein from the products. 
This is probably excluded if we can identify the protein of the mitotic 
apparatus in the cell before division, and it becomes the most likely 
hypothesis if we fail to do so. 

Our experimental approach, therefore, has been to study the behavior 
of the soluble proteins of the cell through the division cycle and to 
search among the proteins of the interphase cell for components that 
resemble those of the isolated mitotic apparatus. Obviously, we are 
faced with a formidable haystack and with some uncertainty as to 
whether we can recognize the needle. The only thing in our favor is 
that it is a large needle, since the mitotic apparatus does demand at 
least 10 per cent of all the protein in the cell. All of the experiments 
have been done with sea-urchin eggs. In venturing to describe these 
experiments, I am taking advantage of the liberties encouraged in a 
all of the work is current, none complete. As long as the 
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chemical characterization of the mitotic apparatus is incomplete, all we 
can do is to fingerprint it chemically as best we can, and seek the same 
prints among the proteins of the cell before and during division. For 
example, we had found that the protein obtained by dissolving the 
mitotic apparatus of the sea urchin egg could be precipitated nearly 
quantitatively at pH 4.5. Extraction of the unfertilized egg (following 
exposure to 30 per cent ethanol at —10° C.) yielded a large amount 
of soluble protein (nonsedimentable at 100,000 g in 30 minutes in 
the Spinco Model L centrifuge) that was precipitable at this pH. If this 
protein fraction included components that were to become the mitotic 
apparatus, it might follow that some part of the fraction would be lost 
during division, since the mitotic apparatus is insoluble under the con- 
ditions of extraction. 


Mr. Robert Kane and I have made a preliminary study of this ques- 
tion, using eggs of Arbacia punctulata. The procedure, briefly, was to 
stop the eggs at various stages of the first two division cycles by 
immersion in the subzero 30 per cent ethanol, then to extract them 
with water at pH 7-8 and precipitate the desired fraction at pH 4.5. 
The precipitate was redissolved in phosphate buffer at pH 7 and studied 
by analytical ultracentrifugation. The results are shown in Fig. 2. It 
is evident that there are two major components (on a particle-weight 
basis) and that the lighter one (sedimentation constant, about 7) is 
changing during the mitotic cycles observed. Shortly after fertiliza- 
tion, the peak splits, and then it gradually flattens out as the mitotic 
apparatus forms. The peak reappears as the cells go into the inter- 
phase between the first two divisions. This is shown in Fig. 2, which 
displays the picture at the time when half of the eggs have completed 
their cleavage. We interpret the sharp peaks as representing those eggs 
which are in interphase, and the fact that there is an additional hump 
in front of it is taken to mean that some of the eggs are proceeding into 
the second division. In other words, the situation is equivalent to a 
combination of those represented in Figs. 2B and 2C. This result 
would be expected if the eggs were imperfectly synchronized, as they 
are in fact. 


We think that these experiments are telling us that a protein com- 
ponent having at least one property in common with the protein isolated 
from the mitotic apparatus is aggregating as the mitotic apparatus 
forms, reappears in its original state as the mitotic apparatus breaks 
down when division is completed, and reaggregates when the mitotie 
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Fic. 2. Sedimentation patterns of soluble protein fraction of Arbacia punctulata 
eggs at various stages. Proteins precipitable at pH 4.5, redissolved in phosphate 
buffer, 0.1 MJ, pH 7.5. Duration of centrifugation at 59, 780 R.P.M. in Spinco 
analytical ultracentrifuge shown in lower left corner of each frame. Time follow- 
ing fertilization, or mitotic stage, shown over each frame. 


apparatus forms for the next division. The results do support the idea 
of the formation of the mitotic apparatus through an assembly of 
preexisting material, but do not prove it. It 1s conceivable that we 
are seeing some change in the soluble proteins that parallels the mitotic 
cycle—and this would be interesting in itself—but one not necessarily 
concerned directly with the formation of the mitotic apparatus. 





If we are observing the transition of preexisting protein into the 
mitotic apparatus, it does not automatically follow that the mechanism 
is as simple as the removal of soluble protein from a static pool and 
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the restoration of that pool. The ultracentrifuge records show us the 
ageregation of one component in the course of the formation of the 
mitotic apparatus, but do not in themselves tell us how much of the 
cell’s protein is soluble nor whether soluble protein is incorporated into 
the mitotic apparatus. 

Recently we have studied the soluble and insoluble proteins of the 
eges of Strongylocentrotus purpuratus in the course of the first division. 
The term “soluble” must here, as in all cases where the estimation 
depends on the extraction of killed cells, be referred to conditions of 
the experiment and can have only questionable meaning when referred 
to the intact cell. In this ease, the procedure used to arrest the cells 
and to extract them was essentially identical to that used in the ultra- 
centrifuge experiments. The results were as follows: 


Stage Per cent soluble 
Unfertilized 46 
Metaphase 49 


From these results, it cannot be concluded that there is any appre- 
ciable change in the total amount of insoluble protein when the sea- 
urchin egg forms its mitotic apparatus. Yet our visual observations 
assured us that we were not dissolving the mitotic apparatus in the 
course of these extractions, and the chemical results I have described 
varher have told us that the mitotic apparatus involves over 10 per 
cent of the protein of the cell. Obviously the situation is not so simple 
as the mere withdrawal of protein from a soluble pool. 

At this time the most reasonable conclusions seem to be the follow- 
ing. (1) Since there is no net synthesis of proteins during division, the 
mitotic apparatus is formed by assembly of proteins already existing 
in the cell. The pool of free amino acids in the S. purpuratus egg, which 
has been measured by Kavenau (6), does not amount to 10 per cent 
of the total amino acids of the cell, and therefore cannot provide for 
the synthesis of the complete mitotic apparatus. (2) The ultracentri- 
fugation experiments suggest that there is a pool of a soluble protein 
component in the cell before division which aggregates as the mitotic 
apparatus forms and reappears as the mitotic apparatus breaks down. 
(3) Since the amount of protein entering the mitotic apparatus is not 
reflected by a corresponding decrease in total soluble proteins, it would 
seem that other cytoplasmic structures are dissociating as the mitotic 
apparatus forms. 
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Since we are postulating that the protein of the mitotic apparatus 
exists in soluble form to some extent in the cell before division, it 
should be possible to isolate the proposed “precursor” from the unferti- 
lized egg. We have a few criteria to go by. The protein should have 
a sedimentation constant of about 7, should be an asymmetric protein 
capable of forming fibers, should contain bound nucleotide, and should 
be present in an amount no less than 10 per cent of all the protein in 
the cell. We have found a protein meeting these requirements and 
isolable in a simple way. The eggs are first immersed in 30 per cent 
ethanol at — 10° C. and extracted with water or 0.1 M KCl. If CaCl. 
is added to the extract to a final concentration of 0.05 M, a fibrous 
precipitate forms. Indeed, it is so fibrous that it can be spun on a 
rod (like precipitated DNA, although it contains no DNA) and 
removed from the container as a wound-up mass. The protein readily 
dissolves when the Ca++ is removed. It contains 2 per cent of 
nucleotide. The redissolved structure-protein sediments as a mono- 
disperse system with the same sedimentation constant as the slow 
peak in Fig. 2. We can extract 10 to 12 per cent of the protein of the 
ege@ as this fraction. Thus our search for the “precursor” to the mitotic 
apparatus has led us to this cytoplasmic “structure-protein” having 
the expected properties. While it is interesting in itself in the hight of 
the history of attempts to isolate ‘“‘structure-proteins” from cells other 
than muscles and similar specialized types, we are still a long way 
from proof that our protein is in fact identical with that of the 
mitotic apparatus, 
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The isolation of the mitotic apparatus has made accessible for 
chemical study the problems of the brute chemistry of mitosis, and 
what I have described is the beginnings of that study. We have been 
able to consider, if not to solve, some questions regarding the con- 
struction work the cell must perform in order to carry out mitotic ecll 
division. From the standpoint of the chemical basis of heredity, how- 
ever, the main problems of mitosis are those involving the distribution 
of chromosomes, and the study of the gross chemistry of the mitotic 
apparatus in this relation can only tell us what sorts of matter the 
process involves and not how it is accomplished. Before we can go 
much further, several obvious barriers of ignorance have to be pene- 
trated. The first and most important is the problem of the kinetochore. 
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Every thought about the precision of the mitotic separation of the 
chromosomes takes us back to the kinetochore, yet we know absolutely 
nothing about its chemistry. A second and related problem is that of 
the mitotic centers. In the case of animal cells we can at least identify 
definite centrioles, but in plant cells where the mitotic process is so 
similar that we must postulate some kind of polar differentiation we 
can ordinarily see no definite centrioles. If we could understand how 
a polarized fibrous connection is made between the kinetochores and 
the centers, we could begin to imagine how the chromosomes are sepa- 
rated correctly. Behind this problem les the problem of how the 
kinetochores align themselves so precisely at metaphase. 


The problem of the mechanism of chromosome movement is proving 
more amenable to attack because it is taking its place as part of the 
more general problem of cellular contractile mechanisms. Perhaps the 
outstanding advance in this connection is Hoffmann-Berling’s (4) dem- 
onstration of spindle elongation (an important component of the mitotic 
movements) in glycerine-extracted cells (“anaphase models”) under 
the action of ATP. Now that we have reason to think that the mitotic 
apparatus contains nucleotide-proteins, it is conceivable that we can 
find further analogies to better-understood contractile mechanisms. We 
shall probably understand how chromosomes move to the poles before 
we know how they align themselves for the movement. 


Finally, we shall have to face the problems of the initiation and 
termination of mitosis. As has been pointed out (11), completion of 
chromosome duplication is a condition of mitosis but is not an immedi- 
ate stimulus. Now that it seems likely that much of the mitotic 
apparatus may be of cytoplasmic origin, we shall have to explain how 
the formation of the mitotic apparatus is coordinated with the behavior 
of the chromosomes. And in the end we have to understand the methods 
whereby the mitotic apparatus breaks down once the chromosomes have 
separated, and the chromosomes are reconverted to their functional 
interphase state. 
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SOME CYTOCHEMICAL CONTRIBUTIONS TO 
GENETIC CHEMISTRY 


Max ALFERT 
Department of Zoology and its Cancer Research Genetics Laboratory,* 
University of California, Berkeley 4, California 

THE TOPICS UNDER discussion in this symposium bear witness to the 
rapid advances made during the last decade in genetic chemistry. 
Cytochemical studies, dealing with the characterization of substances 
in their natural locations within cells, have in the past contributed in 
two important ways to the body of work which resulted in the recogni- 
tion of the genetic significance of deoxyribonucleic acid (DNA). The 
first of these consists in the contributions of Caspersson (17) and 
Brachet (15), who have drawn attention to the biological importance 
of nucleic acids at a time when there was little interest.in these sub- 
stances, and who developed methods for the study of their distribution 
in biological materials. Secondly, there should be mentioned the cyto- 
chemical establishment in more recent years of characteristic quanti- 
tative relationships between DNA and the chromosomes, leading to 
what has become known as the “constancy hypothesis of nuclear 
DNA.” While Caspersson’s, Brachet’s, and their associates’ work is 
too well known to warrant a review in this place, something might 
profitably be said about the history and present status of the con- 
stancy hypothesis. 


CoNSTANCY OF NUCLEAR DNA 


The first but limited evidence for the view that the amount of nuclear 
DNA parallels the number of chromosome sets in different cells of a 
species was based entirely on analytical biochemical data and resulted 
from a comparison of the average DNA content of haploid sperms and 
diploid somatic mammalian nuclei by the Vendrelys (52). Ris and 
Mirsky (42) subsequently correlated, for a similar comparison, chemi- 
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eal and cytochemical techniques, for the latter purpose using the 
Feulgen reaction in conjunction with a microspectrophotometric pro- 
cedure developed by Pollister (e.g., 41) as a modification of Caspers- 
son’s method. Swift (46) in turn worked out a simple and convenient 
microspectrophotometric measuring technique (photometry of nuclear 
cores} which permitted him to obtain more accurate data on nuclear 
Feulgen-DNA content than had previously been possible. Except for 
a relatively few applications of two more recent and potentially more 
precise measuring techniques, the two-wave-lengths, method of Ornstein 
(36) and of Patau (88), and the squashing-scanning method used by 
Deeley, Richards, Walker, and Davies (19), Swift’s procedure has been 
apphed by a vast majority of workers since 1950 and has led to the 
collection of numerous data (see 47 and 50 for recent reviews of these). 
Since then, correlated chemical and cytochemical studies have also 
been done in a few more cases (e.g., 28), but the quantitative cyto- 
chemical methods alone have permitted an extension of our knowledge 
about nuclear DNA content into situations inaccessible to chemical 
analysis: this is the case when nuclei in heterogeneous cell populations 
are to be analyzed and where the resolving power of the microspectro- 
photometric method is essential, as for measurements of different 
meiotic stages in a gonad (e.g., 48) or of individual pronuclei in 
fertilized eggs (e.g., 1). In a number of cases different and independent 
cytochemical procedures, such as direct ultraviolet microspectroscopy 
of living cells (53), ultraviolet absorption and basic staining of 
fixed nuclei (21), autoradiography (34, 49), and interference micro- 
scopy (23) have been satisfactorily correlated with Feulgen-DNA 
measurements. 

The general body of data demonstrates that the DNA contents of 
individual nuclei fall into well-defined groups whose means form simple 
series that correspond to the numbers of chromosome sets present in 
the nuclei. When the chromosomes duplicate in preparation for mitosis 
or in the course of endomitotic cycles which may result in polyploid or 
polytenic conditions, the nuclear DNA content increases correspond- 
ingly. In the absence of chromosome duplication, the average nuclear 
DNA content appears to be relatively stable, however, even during 
marked physiological alterations of cells whose nuclear size and protein 
content may thereby be greatly affected (cf. 5, 44). 

Aside from apparent variations due to the measuring technique 
(ef. 19). true variations in DNA content among individual nuclei 
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within a group must be expected on the basis of the widespread occur- 
rence of aneuploidy in various tissues (see 10 for review). Whether or 
not there occur additional ‘functional variations” in nuclear DNA 
content will remain an open question until such a case is proved. The 
necessary requirements to provide such proof and the general problems 
involved in the evaluation of microphotometric data have been dis- 
cussed most explicitly by Patau and Swift (39). In the past, apparent 
exceptions from DNA constancy have been reported in a few cases but 
could not be confirmed in subsequent studies (cf. 7, 19, 30, 37, 47); 
recently two new suggestions of this type have been made (9, 27), and 
further work is needed to assess their significance. It is important to 
remember in this connection that deviations in Feulgen stainability 
from the ordinary pattern require an independent method of con- 
firmation before they can be attributed unequivocally to aberrant 
behavior on the part of DNA. 

It should also be mentioned that, while quantitative constancy may 
to some persons appear to be an expected attribute of the hereditary 
material, it is certainly not a sufficient criterion to establish the genetic 
role of DNA. As recently discussed by Goldschmidt (24), a completely 
inert chromosomal frame-substance might also exhibit this type of 
behavior. Other lines of research have, however, provided good reasons 
to attribute genetic activity to DNA (e.g., 25). 

At any rate, the currently available biochemical and cytochemical 
evidence relating to the quantitative behavior of DNA represents a 
fundamental cellular characteristic of much more general significance 
than that attributed formerly to mere numerical relationships among 
chromosome sets. It permits us to estimate the extent of chromosomal 
replication in cases where chromosome counts cannot be made; and, 
in conjunction with chromosome counts a knowledge of the nuclear 
DNA content now allows a clear-cut distinction between polyploid 
and polytenic conditions of nuclei. Thus we have gained a powerful tool 
for the study of evolutionary relationships among karyotypes (26, 43), 
and for the establishment of doubtful cell lineages (40). 


CyTOCHEMICAL PROPERTIES OF NUCLEAR NUCLEOPROTEIN COMPLEXES 


If one assumes that chromosomal DNA represents the repository of 
the cell’s genetic information, the next problem becomes that of deter- 
mining how this information is passed on to other cell regions and put 
into action. These questions, and some possible solutions, have recently 
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been reviewed (22). Such transfers of genetic information must involve 
some sort of interaction among DNA and other nuclear components; 
any detectable changes in chromosomal nucleoprotein complexes, 
whether they be on a microscopic (11, 31) or a cytochemical level, may 
be of importance in this respect. Here again, in the study of protein 
fractions associated with DNA, cytochemical evidence has supple- 
mented and in some instances advanced beyond the available biochemi- 
cal information. A case in point is the period of DNA duplication which 
normally precedes mitosis: since the currently favored model of DNA 
structure (54) appears to solve some of the formerly most puzzling 
aspects of the replication process, the behavior of other nuclear com- 
ponents has not commanded much attention (except in some theoretical 
considerations, e.g., 12, 16). However, quantitative cytochemical data 
from animal (13) and plant nuclei (4) indicate that a basic protein 
fraction doubles in amount precisely at the same time as DNA. These 
findings suggest that one should think in terms of the replication of a 
nucleohistone complex rather than of DNA alone. 

The cytochemical properties of nucleohistone complexes in proliferat- 
ing animal cells have furthermore been shown to differ significantly 
from those of nondividing, physiologically active cells. This was 
demonstrated by Bloch and Godman (14), who determined the dye- 
binding characteristics of individual tissue nuclei microphotometrically, 
after sequential application of three different staining techniques to 
the same preparation. In this fashion information on nuclear DNA 
content (by the Feulgen reaction), on the basophilia of the DNA, Le., 
the number of exposed, stainable phosphate groups (by methyl green 
staining), and on the acidophilia of histones associated with DNA (by 
fast green staining at elevated pH, according to the procedure of Alfert 
and Geschwind, 6) has been obtained simultaneously. The results 
show that the interphase chromatin of proliferating cells is more baso- 
philic and that its associated histones are more acidophilic, per unit 
DNA, than is the case for cells which have stopped dividing but con- 
tinue to grow and presumably function in a specific way. A schematic 
representation of these findings is given in Fig. 1. These data have 
been interpreted to indicate that nuclei, after they cease to proliferate, 
increase in size by acquiring a non-histone protein fraction which com- 
bines with DNA-phosphate groups and with basic end-groups of 
histones in such a way as to prevent their binding of methyl green and 
fast green dye ions. At present we can only guess that the protein 
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Fic. 1. A schematic representation of the dye-binding capacities of liver nuclei 
from young rats (14). 


fraction(s) which modifies the staining behavior of the nucleohistones 
is perhaps related to the so-called “residual protein” of Mirsky and 
Ris (33). This fraction is quantitatively most prominent in nuclei of 
physiologically active cells and exhibits a rapid turnover when nuclei 
are engaged in protein synthesis (8). 

Changes in the acid-dye-binding capacity of nuclear histones can 
generally be interpreted in two different, but not mutually exclusive 
ways. On the one hand, there may occur changes in the physical 
associations within nucleoprotein complexes leading to different degrees 
of staining inhibition without chemical changes in the amount or com- 
position of the histones; on the other hand, it is possible that histones 
themselves change in quantity or composition and thereby become 
more or less acidophilic. The staining differences between proliferating 
and physiologically active nuclei discussed above have been interpreted 
in terms of varying degrees of staining inhibition, for reasons elven 
in greater detail by the authors (14; see also 2). 

In other cases similar staining differences can be correlated with 
available biochemical data to indicate actual changes in composition 
of the basic proteins. This is notably true for various types of sperm 
cells known to contain proteins of very basic character (e.g., 20, 51). 
Such basie sperm proteins, unless they are lost during the staining 
procedure because of their great solubility (e.g., the protamines of 
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salmon sperm, ef. 3) exhibit a correspondingly greater acidophilia than 
somatic histones (6). Cytochemical methods, moreover, permit going 
beyond the mere recognition of this chemical difference and make it 
possible to determine at which stage of maturation the sperm proteins 
acquire their more pronounced basic character. This problem, un- 
answered for more than three-quarters of a century since Miescher’s 
pioneering work (32), has been the subject of three recent independent 
studies (3, 29, 51). It appears that the modification of sperm proteins 
occurs after the completion of meiosis, at a late stage of spermiogenesis 
when the sperm chromatin condenses. 

Where biochemical data are not yet available for comparison, it is 
sometimes possible to use auxiliary tests in the attempt to interpret 
cytochemical findings. This becomes necessary if we want to dis- 
tinguish between the previously mentioned alternative explanations of 
changes in the stainability of histones in a case such as, for instance, 
the pyenotic degeneration of nuclei. When nuclei undergo this very 
common pathological condensation, their relative acidophilia increases 
markedly, similar to that of sperm. The underlying mechanisms re- 
sponsible for this change are, however, different in these two systems, 
as can be most simply demonstrated by the effect of the acetylation 
of protein amino groups (35) on acidophilia: the acid-dye-binding 
capacity of ordinary histones is greatly decreased after acetylation, 
while the stainability of extremely arginine-rich sperm proteins 1s not 
noticeably affected. Such a comparison is shown in Figs. 2 and 3. The 
stainability of pyenotie nuclei lining an ovarian follicle is decreased to 
an extent similar to that of surrounding normal nuclei; in the testis, 
spermatogenic and connective tissue nuclei lose most of their acido- 
philia upon acetylation, while nearly ripe sperm nuclei do not. This 
observation reinforces our previous conclusion (2) that pycnotic de- 
generation leads to a dissociation and “unmasking” of stainable groups 
of histones, rather than to their conversion into more basic proteins, 
as is the case in sperm formation. 

A correlation, which will require further extension into more than 
the few cases reported here, may be proposed as follows: the nuclear 
histones of physiologically active cells are less acidophilic (by reason 
of either of the mechanisms mentioned) than the basic proteins asso- 
ciated with DNA during times of physiological inactivity—for instance, 
when chromatin is just being transported, as in mitosis or in prepara- 
tion of sperm for delivery to the egg. Such a notion would fit into the 
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Fics. 2 & 3. Adjacent sections of guinea pig testis (2a, 2b) and ovary (3a, 3b), 
fixed in neutralized 10 per cent formalin, and stained for basic nuclear proteins (6). 
Wratten F filter, X 200 (photographed by Mr. Victor Duran). 


Figs. 2a and 3a: Controls (sp = sperm, pe = pyenotic nuclei). 


Figs. 2b and 3b: Terminal amino groups abolished by acetylation of the 


(cf. 3) prior to staining. 
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general schemes proposed by the Stedmans (45) or by Danielli (18), 
who regard histones as regulators of the genetic activities of chromo- 


somes. Presumably the dye-binding capacities of histones proy 


ide a 


measure of actual or potential interactions between charged groups of 


these proteins, DNA, and chromosom 


al non-histone proteins, 
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Cytochemical methods can rarely give definite answers to problems 
of cell physiology. However, staining differences of the types described, 
quantitated by microphotometric techniques, tell us something about 
physicochemical interactions among components of nucleoprotein com- 
plexes. Such cytochemical techniques lend themselves easily for ex- 
ploratory studies and can provide important clues to the biochemist as 
to when and where it would be most profitable to exert his skill for the 
application of more precise analytical methods. The biophysicist, in 
turn, may attempt to correlate such cytochemical dye-binding data 
with the molecular schemes derived from other lines of investigation 
Pele Do)a 
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‘Discussion 


Dr. Nason: Are your spindles free of chromosome material? 

Dr. Mazta: No; but the nucleotide impurities on the spindle prepa- 
ration are of a different order of magnitude. 

No, but the DNA content of the chromosomes is known from inde- 
pendent analyses and would account for only a negligible part of the 
nucleotide recovered from the mitotic apparatus. 

Dr. McEtroy: Has the isolated material been tested for its ability 
to hydrolyze ATP? 
_ Dr. Mazia: Yes. We haven’t found activity. This was the prepara- 
tion made with detergents. Obviously one should try preparations 
made with ATP. | 

Dr. Guass: In many animal cells, according to classical observations. 
part of the spindle apparatus comes from the nucleus, and we know 
also that in many protozoa the entire spindle apparatus is inside the 
nucleus. In your experiments, then, do you have any clue as to what 
proportion of the spindle is nuclear and what proportion is cyto- 
plasmie in origin? vr 
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Dr. Mazia: We can compare the total protein content of one mitotic 
apparatus at metaphase or anaphase with the total amount of protein 
that could be contained in one interphase nucleus. It turns out that 
the interphase nucleus of the sea urchin egg contains only about 2 
per cent as much protein as does the mitotic apparatus. Therefore, if 
the nucleus were merely dumping protein into the system at the time 
the nuclear membrane disappears, it could be contributing only a 
small part of the material of the mitotic apparatus. If by “nuclear 
origin” one means that the protein was ultimately synthesized in the 
nucleus, that is another matter and one that can’t be decided on the 
basis of what we now know. (See Mazia, D., and Roslansky, J., 
Protoplasma, 44, 528-534, 1956.) 


Dr. Ris: I would like to enlarge on the comment of Dr. Glass. What 
you call the mitotic apparatus is made up of 3 separate components, 
the asters which form around the centrosomes, the gel-like spindle 
body which originates from the nucleus, and chromosomal fibers which 
originate in connection with the kinetochores. Now these 3 have 
different origins and different functions. Asters enlarge during the 
mitotic process; the spindle body elongates in its long axis during 
anaphase; the chromosomal fibers contract and move the chromosomes 
to the poles. You mentioned that the mitotic apparatus contains very 
little beside the material which is cytoplasmic in origin. Therefore, 
your analysis can perhaps give us only information on the properties 
of the asters but not on spindle body or chromosomal fibers which 
make up only a very small fraction of your material. 


Dr. Mazia: You speak with some assurance of the nuclear origin of 
the spindle. I realize that some, but not all, of the cytologists who 
have worked on mitosis find this a reasonable interpretation of their 
observations, but is there convincing evidence? In many cases the 
spindle is quite large, apart from the asters, and again one wonders 
whether the nucleus could contain the amount of material required. 
If we succeed in finding evidence of chemical heterogeneity in the 
isolated mitotic apparatus, we shall probably turn to the hypothesis 
of the nuclear origin of some parts, the cytoplasmic origin of others. 
But thus far the protein picture seems remarkably homogeneous. I 
am aware of the fact that the whole mitotic process takes place within 
the nucleus in some forms, but am not sure that this is telling us 
that the spindle is of nuclear origin generally. 


Dr. Ris: You say the whole business is inside the nuclear membrane 
in some organisms: but in these cases it is exactly not the whole busi- 
ness, only part of it—namely the part in which the chromosomes move, 
the spindle body. The asters are always outside the nucleus. The 
nuclear membrane may disappear before the spindle is fully formed, 
or in metaphase, or anaphase and in some cases again it persists all 
the way through mitosis. The size of the spindle is almost always in 
direct ratio to the size of the nucleus from which it came. In those 
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cases where we find polysaccharides in the spindle they appear in the 
nuclear sap during prophase. The film of Michel on cell division in 
crasshopper spermatocytes shows the nuclear origin of the spindle body 
in the living cell most beautifully. 

Dr. Benpicu: I should like to ask Dr. Mazia a question concerning 
the so-called nucleotide protein. Is the nucleotide protein isolated by 
the digitonin procedure similar to the nucleotide protein isolated by 
the ATP procedure? You said it contained purines exclusively. 

Dr. Mazia: We haven’t tried isolating nucleotide from mitotic 
apparatus prepared by the ATP procedure. Obviously we would then 
be worried about how much nucleotide was picked up in the course 
of the preparation. 

Dr. Herriotr: Did I understand that the precursor protein is later 
converted into the material with which you then formed these aster 
formations with cysteine? 

Dr. Mazia: Yes. In the model experiments we use solutions con- 
taining the cytoplasmic protein that we think may be the precursor 
to the mitotic apparatus. Thus, while the method of invoking fiber 
formation is completely artificial, the protein that is used is probably 
the one that is used by the cell. 

Dr. OcHoa: What is the mode of action of the ATP in bringing 
about the solubilization of the cytoplasmic part of the cell? Have you 
any idea about this? How did you arrive at using ATP there? 

Dr. Mazta: In working on the mitotic apparatus, we have kept in 
mind the experience of others with contractile proteins. We have been 
particularly curious about some suggestive analogies between the pro- 
teins we are dealing with and actin from muscle. The possibility that 
the polymerization and depolymerization of actin involved ATP has 
been subject of much discussion and experiment. The “plasticizing” 
action of a high concentration of ATP on muscle is well known and is 
believed to be related to the relaxation process. These are some of the 
considerations that led to using ATP as a dispersing agent. We don’t 
know the mode of action, but it may have to do with the fact, stressed 
by some workers on muscle, that the ATP molecule carries an extra- 
ordinary concentration of electric charge. ; 

Dr. Kaptan: Is this a specific agent? 


Dr. Mazia: I don’t know, but am inclined to predict that it is a 
nonspecific pyrophosphate effect. 


Dr. Kine: There are some hypotheses that can be raised with regard 
to the action of kinetochores and the accurate division of the chromo- 
somes. One hypothesis that might be made is that we have two asters 
that are complementary, in that either they might have different 
substances diffusing from them or they might have different electrical 
polarity. There are a number of hypotheses here. Also, the two chromo- 
somes of the same type might have kinetochores that are comple- 
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mentary to each other which will insure their division. You can call 
one a plus and one a minus—that is, when the chromosomes are 
reduplicated one is plus and the other is minus. I wanted to ask if 
there are any results from the cells which have an abnormally large 
number of asters that would indicate anything with regard to these 
hypotheses. How are the chromosomes divided? 

Dr. Mazia: If there are more than two poles, the chromosomes can’t 
solve the problem and go to the several poles in various numbers. 

Dr. Kine: There is no sign of simple plus or minus connection in 
the aster? 

Dr. Mazia: It seems to me that the most profitable assumption is 
one for which Pollister has provided an observational basis; namely, 
that the centrioles and kinetochores are similar structures. We can 
imagine various ways in which the two facing each other might deter- 
mine the outgrowth of fibers that join them. 

Dr. Huxtey: It may be relevant to what you are saying about the 
orienting capacities of the centromeres: I was shown the other day by 
Paul Weiss in New York unpublished electron micrographs of regen- 
erating skin after damage where there seemed clear evidence that the 
underlying fibroblasts discharged material in the form of ultramicro- 
scopic rodlets which was then oriented by some influence coming from 
the epidermis. It was really very beautiful to see this organizing influ- 
ence coming out and arranging these elements in a regular way. There 
may be something exactly like this in your case with the asters. 


Dr. Mazia: We have no real evidence against the idea that these 
centers are making the fibers, but the hypothesis that they are produc- 
ing something which aggregates material that is already present seems 
to be simpler. 

Dr. SPIEGELMAN: I wanted to ask if you have information about 
whether the units which go together to make up high polymers pre-exist 
or if they have to be made fresh. 

Dr. Mazta: The evidence I have given favors the pre-existence of 
the units. I can’t say at what point this can be considered to be 
proved. One attempts to fingerprint the proteins of the mitotic appa- 
ratus and to look in the haystack of the cell before division for needles 
carrying the same fingerprints. We have found a protein meeting the 
criteria that we have, but the criteria that the protein chemist provides 
us for what he calls “characterization” are not too sensitive when 
applied to the job of deciding whether two proteins are the same. 


Dr. Papirmeister: What effect would failure of gene replication at 
interphase have on the mitotic figures or the mitotic apparatus dur- 
ing fission? 

Dr. Mazta: I know of no case in which a cell makes the step from 
interphase into mitosis where chromosome duplication has not taken 
place. (Meiotic reduction may be an exception to this statement.) 
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Dr. Atrert: There is one—the supernumerary divisions in pollen 
erains. 

Dr. Mazia: Oh, yes. 

Dr. BrapLe: But the spindles do form apparently normally. The 
spindles are formed, but the chromosomes do not divide. The spindles 
elongate abnormally. 

Dr. Mazia: You don’t know whether the chromosomes have been 
repheated. 

Dr. BeapLe: There are several successive divisions without any 
chromosome division, so that apparently the chromosomes are not 
multiphed to the extent of the cell divisions. 

Dr. Atrert: I would like to comment on the basophilia of the 
spindle. This term has been used somewhat loosely at times, because 
if one looks closely, basophilia is often due to material accumulated 
among and around the spindle fibers; this is probably due to RNA, 
which may be lost in the course of the isolation of spindles. If the 
spindle nucleotide protein itself is basophilic, this constitutes a special 
situation not comparable to that of muscle nucleotide protein which is 
noted for its relative lack of basophilia. 


Dr. Mazta: In this case one finds that the isolated spindle is baso- 
philic, although analysis thus far shows that it contains nucleotide, 
not RNA. 

Dr. Hoaciann: Do you know anything about the nature of binding 
of this ATP to the protein? Have you tried to get it off by any mild 
conditions? 

Dr. Mazia: We have looked into that a little. It comes off, as it does 
in muscle, by heating the protein. It comes off slowly on dialysis, when 
one dialyzes for days. Heat gets it off. Heating has proved to be the 
most convenient method. 


Dr. 8. Conen: I should just like to mention a very few experiments 
with synchronized bacteria whose extracts produce sedimentation pat- 
terns comparable to those observed by Dr. Mazia with his synchronized 
sea urchin eggs. We synchronized the thymine-requiring bacteria with 
thymine and observed that, in the period just following doubling of 
DNA and just prior to division, a unique component of the sedimen- 
tation pattern having a sedimentation constant of approximately 25 
Was specifically reduced to a sedimentation constant of about 12. 
Then just after the division this material (Soo == 25) was regenerated, 
Under no other conditions have we observed a change in this particular 
component. In other words, there was, under the conditions of division, 
a change of the polymerization state of a particular component. 
Whether this was a spindle component or a cell wall component we 
really don’t know. 

Dr. Epurusst-Taytor: I would like to add a remark concerning the 
question raised by Dr. Spiegelman as to the origin of this protein that 
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Dr. Mazia is talking about and whether it pre-exists as such long before 
cell division. It seems to me that the idea, which I think is favored by 
Dr. Mazia now, is that this protein is present and probably forms a 
part of some cell structure long prior to cell division. It is rather 
tempting, because it could—if it were so—provide a basis for the 
antagonism between the state of cell division and the state of differen- 
tiation of the cell. If this protein were shifted from some fixed struc- 
ture where it played a functional role, and reorganized during division 
into an inactive protein playing a purely mechanical role, I think this 
would give a first indication of a chemical basis of the antagonism 
between cell division and cell function. 


THE NUCLEUS AND PROTEIN SYNTHESIS 


V. ALLFREY AND A. E. Mirsky 
The Rockefeller Institute for Medical Research, New York 
and 
S. Osawa 


Biological Institute, Nagoya University 


In E. B. Witson’s great book, The Cell in Development and Heredity, 
a statement is made which summarizes the results of a great many 
physiological experiments on living cells. “A cell deprived of its nucleus 
may for a considerable time live and manifest the power of coordinated 
movement, but it has lost the power of assimilation, of growth and 
repair, and sooner or later dies. The operations of destructive metab- 
olism may continue for a considerable time in the absence of a 
nucleus; those of constructive metabolism quickly cease with its 
removal.” (26) 

This picture of a functional, dynamic, synthesizing nucleus is based 
on studies of nerve fiber regeneration and enucleation studies with 
amoeba, ciliates, and rhizopods, all of which show that the nucleus 
is essential for regeneration, for wound healing, for digestion and 
secretion, for membrane formation, in short for the constructive, 
synthetic reactions which characterize a living cell. A nucleus in one 
cell may even make it possible for an adjoining cell without a nucleus 
to survive and function normally, provided the two are joined by an 
intercellular bridge. It is this active participation of the nucleus in 
the life and function of cells which explains how the genetic units 
within the chromosomes mediate the growth and development of the 
organisms. : 

In the experiments about to be described we have attempted to study 
some of the synthetic reactions within the nucleus—with particular 
emphasis on the role of deoxyribonucleic acid in protein synthesis. 

In earlier work in this laboratory we have been concerned both with 
the chemistry of the cell nucleus and with the role of the nucleic acids 
in protein synthesis. Thus it has been shown that nuclei prepared from 
different somatic cells of the same organism have one main point of 


200 


V. ALLFREY, A. E. MIRSKY, AND S. OSAWA 201 


similarity, namely, a constant amount of deoxyribonucleic acid (DNA) 
per nucleus. The germ cells, which contain only one-half the chromo- 
some complement of the somatic cells, contain just one-half as much 
DNA (16). But although a lymphocyte nucleus and a kidney nucleus 
or a liver nucleus may be equivalent in DNA content, they are quite 
distinct chemically in other ways—in their protein composition and in 
their enzymic constitution (5, 20). These differences in composition 
suggested that nuclei are engaged in an active metabolic interchange 
with their cytoplasms. 

The activity of the nucleus in vivo was then investigated by injecting 
N?5-labeled glycine, and it was shown that the proteins of the nucleus 
are being synthesized in non-dividing cells, such as those of the liver, 
kidney, and pancreas of adult animals (3). Furthermore, the rate of 
nuclear protein synthesis changes when the rate of cytoplasmic protein 
synthesis is varied. The nucleus therefore is responsive to changes in 
its immediate environment. 

The investigations mentioned depended wholly or in part upon 
schemes for fractionating cells to yield isolated nuclei. The method of 
choice in most experiments was a slight modification of a procedure 
introduced by Martin Behrens (6). This is a scheme which prevents 
water-soluble materials from moving between nucleus and cytoplasm 
during the course of the isolation. Its success depends upon the imme- 
diate removal of water from the tissue, which is then ground and 
fractionated in non-aqueous solvents such as cyclohexane and carbon 
tetrachloride. When the specific gravity of the nucleus differs suffi- 
ciently from that of other subcellular components it can be separated 
from them by centrifugation. This is facilitated by selecting a medium 
of density lower than the nuclear specific gravity and higher than that 
of possible cytoplasmic contaminants. 

The nuclei of many tissues were prepared in this way and tested 
for purity. By a variety of chemical, immunological, and enzymatic 
tests they were shown to be essentially free of cytoplasmic contami- 
nation. Such nuclei, prepared in non-aqueous media, constitute a 
standard against which nuclei prepared in aqueous media can be com- 
pared. For example, liver or kidney nuclei made in sucrose or citric 
acid solutions can readily be shown to have lost much of their protein 
during isolation simply by comparing them with the corresponding 
Behren’s-type nuclei (5, 10). 

When such comparisons were made between thymus nuclei prepared 
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in sucrose solutions and thymus nuclei isolated in non-aqueous media, 
sucrose” nuclei were the equivalent of the 


oe 


it was found that the 
standard in many respects. The DNA analyses for the two prepara- 
tions were the same (2.5 per cent DNA-P) and so were the overall 
protein composition and the enzymic constitution (21). Once it was 
established that thymus nuclei could be prepared in sucrose solutions 
without extracting their water-soluble components, it was decided to 
test whether such nuclei can synthesize protein by themselves. 

The isolation procedure used is a modification of that introduced 
by R. M. Schneider and M. L. Petermann (17). Fresh thymus tissue 
is minced with scissors and then homogenized in a low-speed blendor 
(4 minutes at 1800 RPM) in 0.25 M sucrose—0.003 M CaCl. solution. 
The homogenate is filtered through gauze and through double-napped 
flannellette to remove clumps of tissue and fiber. The nuclei are then 
separated by differential centrifugation and washed with sucrose and 
calcium chloride solution. 

Now how good are nuclei prepared in this way? Under the light 
microscope, stained with erystal violet or unstained, they seem a beau- 
tiful preparation—a few whole cells, occasional red cells, some small 
strands of cytoplasm attached to some of the nuclei. But it is known 
that some thymocytes contain just a thin halo or crescent of eyto- 
plasm, and it was conceivable that many of the objects considered to 
be nuclei under the light microscope were cells with scanty or negligible 
amounts of cytoplasm. To check this possibility two nuclear prepara- 
tions were examined under the electron microscope. (This was made 
possible through the generous cooperation of Drs. Watson and Palade 
of the Rockefeller Institute.) Electron microscopy made it evident 
that there was some cytoplasmic contamination, but this was also 
evident in stained preparations under the light microscope. The real 
advantage of the electron microscope in these studies was the ease of 
detection of small thymocytes. We counted the number of such small 
cells in two preparations and observed 45 cells per thousand nuclei in 
the first preparation and 77 per thousand in the second preparation. 
The overall extent of cytoplasmic contamination ean be estimated 
chemically, for example by nucleie acid analyses. We consider thymus 
nuclei prepared in sucrose solutions to be about 90 per cent pure. Even 
more convincing evidence for the absence of appreciable whole cell 
contamination was obtained in studying the effect of deoxyribonuclease. 
These experiments are described in detail below. 
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Amino Acip INCORPORATION INTO THE PROTEINS OF ISOLATED NUCLEI 


When thymus nuclei are suspended in a buffered sucrose medium 
and incubated at 37° C. in the presence of isotopically labeled amino 
acids, there is a rapid and considerable incorporation of the isotope 
into the proteins of the nucleus (1, 4). Fig. 1 shows the time course 
of incorporation of alanine-1-C!* into the mixed proteins of isolated 
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Fic. 1. The time course of alanine-1-C14 incorporation into the proteins of 
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calf thymus nuclei. The lower curve shows the incorporation observed 
into AKR-lymphoma nuclei isolated by a similar procedure. (The 
lymphoma tissue was generously supplied by Dr. John Kidd of Cornell 
University Medical College.) After an initial lag period, the C**- 
uptake proceeds linearly for about 90 minutes and then begins to 
taper off. 
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Fic. 2. The time course of incorporation of alanine-1-C14, glycine-1-C1l4, and 
lysine-2-C14 into the proteins of isolated-thymus nuclei. In this plot the data 
have been “normalized” to give the relative uptakes for equivalent amounts of 
the different amino acids where each has the same specific activity in me. per mM. 


Figs. 2 and 3 show the time course of alanine-1-C!*, glycine-1-C!4, 
lysine-2-C14, and methionine-S#5 incorporations. In these, and in 
most of the experiments to be described below, the uptake was fol- 
lowed by measuring the radioactivity of the total mixed proteins of 
the nucleus. The results are expressed as counts per minute per mg. 


protein. The protein was prepared by first extensively wash; 
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Fic. 3. The time course of methionine-S35 uptake into the proteins of isolated 
thymus nuclei. 
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nuclei with trichloroacetic acid (TCA), removing the nucleic acids 
with hot TCA, and finally removing the lipides with warm ethanol, 
ethanol-ether-chloroform mixtures, ether and acetone. The protein 
residue was then homogenized in acetone and filtered off on filter 
paper planchets. Radioactivity was determined using a G-M tube and 
scaling circuit, and the measurements were subsequently corrected for 
self-absorption. 

To show that the radioactivity measured was actually in the protein 
and not merely adsorbed or bound by ester linkages, we treated the 
protein with alkal and with ninhydrin. In the ease of incorporated 
alanine-1-C! more than 94 per cent of the activity remained after 
treatment with 0.25 N NaOH for 2 hours, and more than 89 per cent 
remained after reaction with ninhydrin. Seventy-six per cent of the 
incorporated methionine-S*° was stable to alkali. 

A number of experiments next to be described deal with the condi- 
tions necessary for amino acid incorporation and with the inhibition 
of nuclear protein synthesis. 

The uptake of amino acids is an aerobic phenomenon, and it is 
inhibited by a number of substances which are known to block oxida- 
tive phosphorylation (Table 1). Cyanide, azide, dinitrophenol, Janus 
green B, dicumarol, and antimycin A all inhibit alanine uptake. How- 
ever, methylene blue, a substance which inhibits oxidative phosphoryla- 
tion in mitochondria, has only a small effect on nuclear isotope 
incorporation. . 

Adding metabolites, such as glucose, fructose, or a-ketoglutarate, 
to the nuclear suspension has little effect on the incorporation of amino 
acids. Added glucose may at times raise the alanine uptake by about 
10 per cent. An attempt to block glycolysis by the addition of fluoride 
(10~*M NaF) did not result in inhibition of alanine incorporation. 


It was shown by Gale and Folkes that chloramphenicol blocks pro- 
tein synthesis in bacteria (12). This substance had little effect on 
glycine-1-C' uptake by isolated nuclei. The amino-acid antagonist, 
p-fluorophenylalanine, also blocks protein synthesis in bacteria (14). 
We were unable to test this compound at the higher concentrations 
used in Halvorson and Spiegelman’s experiments, but at 5 & 10-3 M 
it inhibited alanine uptake by only 15 per cent. Similarly, ethionine 
(1.5 < 10-% M) had no effect on the incorporation of methionine-S*5 
or lysine-2-C!4, and it reduced alanine uptake by only 16 per cent. 
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The search for antagonists became more fruitful when it was brought 
to our attention (by Dr. Philip MacMaster) that cortisone injected 
repeatedly into mice causes involution of the thymus (18). We found 
that a small amount of cortisone added to the nuclear suspension can 
reduce alanine uptake by more than 50 per cent. 

An inhibitor of considerable interest is 5,6-dichloro-B-p-ribo- 
furanosyl benzimidazole. This structural analog of a purine riboside 
was found by Tamm and Horsfall to retard influenza virus multiplica- 
tion in the mouse and in tissue culture (23, 25). It is an effective 
inhibitor of alanine-1-C14 uptake by isolated nuclei. Tests of this and 
similar compounds (synthesized by C. Shunk and K. Folkers of the 
Merck Research Laboratories) are summarized in Table 2. It is of 
interest that the ribosyl benzimidazole inhibits uptake while the corre- 
sponding arabinose derivative does not. The data also shows that for 
effective inhibition, the ribose should exist in the furanose, not the 
pyranose form, and its linkage to the benzimidazole moiety should 
have the £-, not the a-configuration. 

One of the most striking effects on nuclear amino acid incorporation 
is that produced by sodium ions. Nuclei isolated in sucrose need a 
sodium supplement in order to incorporate amino acids actively. Fig. 4 
shows the effect of varied sodium concentration on the level of glycine- 
1-C!* uptake. There is a well-defined maximum at about 0.07 M 
under our test conditions. The sodium requirement seems to be specific. 
An attempt was made to substitute all or part of the sodium in the 
medium with an equivalent amount of potassium. In these experiments 
the total salt concentration was kept constant and the ratio NaCl/KCl 
was varied. When all the sodium is replaced by potassium, the uptake 
falls to 15 per cent of the optimal value. Increasing the sodium to 
potassium ratio gives a corresponding increase in the amount of amino 
acid incorporated (Fig. 5). 

The extreme dependence of the synthetic activity of the nucleus 
upon sodium ion concentration makes it necessary to control the 
sodium level of the incubation medium rigorously. This introduces a 
related problem, namely, the osmotic balance between the nucleus and 
the suspending medium. It was soon found that nuclei exposed to high 
sucrose concentrations lost their ability to incorporate amino acid into 
protein. A more detailed study of this dependence of uptake upon 
sucrose concentration in the medium is summarized in Fig. 6. The 
peak of activity occurs at about 0.20 M. The medium also contains 
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Fic. 4. The effect of varied sodium ion concentration in the incubation medium 
upon the ability of thymus nuclei to incorporate glycine-1-C14. The specific 
activity of the nuclear protein after 1 hour incubation of the nuclei in the presence 
of radioactive glycine is plotted against the sodium concentration of the medium. 


sodium phosphate buffer (0.025 M), glucose (0.020 M), and NaCl 
(0.03 AM). 

Although it is a simple matter to control the sucrose concentration 
and sodium level of the medium, there are other factors which influence 
nuclear amino acid uptake which are not so easy to control. The age 
of the thymus, the physiological condition of the animal, weather, and 
feeding, all can vary the synthetic ability of the nucleus in Ways that 
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Fic. 5. The effect of varying sodium/potassium ratio on glycine-1-C14 incor- 
poration by isolated thymus nuclei. The specific activity of the nuclear protein 
after 60 minutes incubation is plotted against the ratio of sodium to potassium ions 
in the medium, the total salt concentration being held constant. 


cannot be predicted or controlled. The actual amount of amino acid 
incorporated in a given time varies from one nuclear preparation to 
another. and it is necessary to run careful “controls” when comparisons 
are being made. 

The synthetic activity of the isolated nucleus can be readily de- 
stroyed by heating, by freezing and thawing, or by breaking them in 
the blendor. Nuclei stored at 2° C. gradually lose their ability to 
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incorporate amino acids. The rate of decline in activity with storage 
varies considerably in different preparations; but in most cases activity 
is well retained for 4 to 6 hours and is almost entirely lost after 24 
hours at 2° C. 
“SYNTHESIS” vs. “EXCHANGE” 

Several experiments will now be described which make it clear that 
the uptake of labeled amino acids into nuclear proteins represents 
protein synthesis and is not simply a random, non-specific exchange 


reaction. 
The first of these experiments is the demonstration that only the 
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Fig. 6. The effect of varying sucrose concentration on alanine-1-Cl4 incorpora- 
tion by isolated nuclei. The specific activity of the nuclear protein after 60 minutes 
incubation is plotted against the sucrose concentration of the incubation medium. 
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L-isomer of the administered pu-alanine-1-Cl! is incorporated into 
nuclear protein. The ability of the nucleus to distinguish between p 
and L forms of the amino acid is indicated by the experiments sum- 
marized in Fig. 7. In these tests increasing amounts of unlabeled 
p-alanine or unlabeled L-alanine were added to the incubation medium 
together with the pi-alanine-1-C!!. If both the p and the x forms of 
the C'-alanine were utilized by the nucleus, then both unlabeled 
isomers should compete with isotopic molecules for acceptance by the 
nucleus, and the C1 activity of the nuclear protein should be corre- 
spondingly lowered. Actually, the addition of unlabeled p-alanine has 
no such effect; only the L-isomer competes for incorporation. It fol- 
lows, therefore, that only the L-form of the C!4-alanine administered 
is utilized for protein synthesis by the nucleus. 

A second experiment was designed to test whether the incorporated 
amino acid is in constant exchange with other amino-acid molecules 
in the medium. If the uptake of amino acids is indeed reversible, then 
Cl-alanine once incorporated into nuclear proteins should be ex- 
changed with unlabeled L-alanine added to the medium after incor- 
poration has occurred. This was tested in the experiments summarized 
in Fig. 8. Incorporation of C!-alanine was allowed to proceed for 
60 minutes. At that time the nuclei were centrifuged down and the 
isotopic alanine was removed. The nuclei were then resuspended in 
the presence of a 200-fold excess of unlabeled L-alanine. Samples of 
the nuclei were removed at 30-minute intervals and the carbon-14 
activity of the nuclear protein measured in the usual way. It is evident 
from the curves that the specifie activity of the nuclear protein remains 
constant for 3 hours even in the presence of a great excess of unlabeled 
L-alanine. It follows that C!-alanine once incorporated into nuclear 
protein is not constantly being replaced by unlabeled alanine in the 
medium. The figure also shows that when additional C'-alanine is 
added to the nuclei in such experiments, incorporation proceeds in the 
usual way. Thus the nuclei will continue to incorporate C!-amino 
acid under conditions where they will not give it up. Similar experi- 
ments have been performed using $*°-labeled methionine, and the 
same results were obtained. It follows that the incorporation of amino 
acids into the proteins of isolated nuclei represents an irreversible, or 
synthetic, rather than an exchange reaction. 
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Fic. 7. The effect of unlabeled p- and t-alanines upon incorporation of 
bt-alanine-1-C14 by isolated thymus nuclei. The specific activity of the nuclear 


protein after 60 minutes incubation is plotted against the amount of unlabeled p- 
or L-alanine added to the medium. 


It may be of value at this point to clarify our usage of the term 
“protein synthesis.” In the strictest sense this should be applied only 
when a net synthesis of protein can be demonstrated. When such 
synthesis occurs in the presence of isotopically labeled amino acids 
the protein formed will be labeled. However, the incorporation of 
isotopic amino acids does not in itself constitute a proof that new 
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protein molecules have been synthesized. In our experiments a net 
synthesis of protein has not been demonstrated directly, but the irre- 
versibility of the amino acid uptake makes it most probable that we 
are dealing with a very direct aspect of the synthetic mechanism. 
From the amount of isotopic alanine incorporated an estimate can 
be made of the amount of new protein which may be formed. In a 
typical experiment 30 mg. of nuclei (10° nuclei) incorporate 0.6 beg. 
(2.4 per cent) of the administered C14-alanine in one hour. If the 
average nuclear protein contains about 7.6 per cent alanine (9), this 
uptake corresponds to the formation of about 8 yg. of protein per hour, 
an amount too small to be demonstrated directly by methods now avail- 
able to us. Nevertheless, the extent of the synthesis can be better 
appreciated from the calculation that each nucleus synthesizes 22 
molecules of protein of average molecular weight 50,000 every second. 
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Fic. 8. The retention of incorporated alanine-1-C!4 following addition of a 
large excess of unlabeled alanine, after uptake has occurred. [See text.] The 
specific activity of the nuclear protein at different intervals after adding unlabeled 
alanine is plotted against time. 
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Attempts have been made to stimulate the incorporation of isotopic 
alanine and glycine by the addition of a supplement of mixed L-amino 
acids to the medium. No stimulation was observed, a result which 
leads to the conclusion that, if the uptake of isotopic amino acids repre- 
sents a net synthesis of protein, the other amino acids required must 
be present in the nuclei. This is indeed the case for thymus nuclei 
isolated by the Behrens procedure (15). 


Tuer Roup of DEOXYRIBONUCLEIC ACID IN PROTEIN SYNTHESIS 


The notion originally suggested by Brachet and by Caspersson that 
ribonucleic acids play a role in protein synthesis is now widely accepted 
as demonstrated. The most direct evidence in its favor stems from the 
work of Gale and Folkes (13) on amino acid uptake by bacterial cell 
residues, and from work in our laboratory on amino acid incorpora- 
tion by a ribonucleoprotein complex of the liver (2). In both cases 
ribonuclease acts to suppress amino acid incorporation. 


The isolated cell nucleus affords a unique opportunity to test the 
role of the deoxyribonucleic acids in the process of protein synthesis, 
and the results have a special interest because they ultimately bear 
on the mode of action of the gene, and on the chemical relationships 
between the nucleus and the cytoplasm. 


A number of experiments which relate deoxyribonucleic acid to the 
process of protein synthesis in the nucleus will now be described. 
Several of these experiments deal with the effect of deoxyribonuclease 
on the uptake of labeled amino acids. When isolated nuclei are treated 
with crystalline pancreatic deoxyribonuclease before adding isotopic 
amino acids, the incorporation of the latter is markedly impaired. The 
degree of impairment becomes more serious as more and more of the 
deoxyribonucleic acid is removed. Experiments showing the relation- 
ae between loss of DNA and inhibition of alanine-1-Cl! and lysine- 

2-Cl* uptakes are summarized in Fig. 9. At the outset there is roughly 
a 1:1 correspondence between the percentage of DNA removed and 
the percentage of inhibition of the uptake. The inhibition becomes 
more marked when 30 to 80 per cent of the DNA is removed. Beyond 
that point the loss of DNA has little effect on the uptake, which remains 
constant at about 15 to 20 per cent of that observed in “control” ex 
periments. This sensitivity of the nucleus to treatment w ith ee 
ribonuclease is further evidence for the absence of appreciable whole 
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Frc. 9. The effect of removing DNA from thymus nuclei upon the subsequent 
incorporation of alanine-1-C14 and lysine-2-C!4. Nuclei were pretreated with 
DNAase to remove increasing amounts of their DNA. They were subsequently 
incubated for 60 minutes in the presence of the isotopic amino acid. The decrease 
in specific activity of the nuclear protein in treated nuclei, relative to that observed 
in “control” nuclei, is plotted against the per cent removal of the DNA. 
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cell contamination, because intact cells are not sensitive to treatment 
with this enzyme. Thymus tissue slices or minces, for example, show 
only a very slight inhibition of alanine-1-C1* uptake following treat- 
ment with deoxyribonuclease, and the inhibition observed could easily 
be attributed to enzyme attack upon cells which had been damaged 
mechanically. 

The foregoing experiments suggest that deoxyribonucleic acid plays 
a direct role in nuclear protein synthesis. Additional support for this 
conclusion arises from experiments which test whether the synthetic 
activity of nuclei treated with deoxyribonuclease can be restored by 
the addition of supplementary DNA. In these experiments the nuclei 
were treated with deoxyribonuclease until 70 per cent or more of the 
DNA had been released into the medium. The nuclei were then cen- 
trifuged down, and the medium containing the products of DNA 
hydrolysis was removed. The nuclei were then resuspended in the 
presence of a calf thymus DNA preparation; isotopic amino acid was 
supplied, and incorporation allowed to proceed for 60 minutes. The 
specific activity of the protein in nuclei which had received the deoxy- 
ribonucleic acid supplement was then compared with the protein 
“activities” in control nuclei which had been treated with the enzyme 
in the same way but which had not received any additional deoxyribo- 
nucleic acid. The data in Table 3 make it clear that added calf thymus 
DNA does in fact restore much, and at times, all of the original activity 
of the nucleus. Pretreatment of the nucleus with deoxyribonuclease 
affects the uptake of different amino acids to different extents. 
Methionine-S*° incorporation, for example, is reduced only 40 per cent 
under conditions where alanine-C!4 uptake is inhibited 75 per cent. 
However, the addition of supplementary DNA seems to restore the 
lost activity equally in both cases. 

Several experiments were performed to test whether chemically or 
physically modified DNA could restore the uptake in DNAase-treated 
nuclei. It was found that DNA denatured by treatment with alkali 
(pH 12.2 for 16 hours) (11) was just as effective as the original DNA 
preparation. Apurinie acid, while not as effective as intact DNA. does 
produce an appreciable stimulation of uptake in the DNAase-treated 
nuclei. The non-dialyzable DNA “core” which remains after exhaus- 
tive digestion of thymus DNA with deoxyribonuclease (27) and the 
dialyzable split products of the digestion are both able to replace the 
“whole” DNA in this system. 
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Since even degraded thymus DNA can function in restoring amino 
acid uptake it was also a matter of considerable interest to test whether 
nucleic acids other than calf thymus deoxyribonucleic acid can restore 
the synthetic capacity of DNAase-treated nuclei. We first compared 
‘alf thymus DNA with the DNA of wheat germ and found the latter 
to be far less effective than the former. However, when the study was 
extended to include DNA’s from other sources, it was found that all the 
other nucleic acids tested were quite comparable to thymus DNA in 
their ability to restore C'-amino acid incorporation. A number of 
such experiments are summarized in Table 4. Even sea urchin sperm 
DNA was as effective as the DNA of the thymus. 

The next step was to test the effect of ribonucleic acids on amino 
acid uptake by DNAase-treated nuclei. Two preparations were tested, 
one from calf liver, and the other from yeast. Both were just as effec- 
tive as the DNA of the thymus (Table 5). Since RNA could replace 
DNA in this system, an attempt was made to substitute a mixture of 
mononucleotides for the RNA. The mixture was made up of the 
nucleoside 2’- or 3’-phosphates in the same proportions in which they 
occur in yeast RNA. These did not restore uptake. By the same token, 
RNA hydrolyzed in dilute alkali to yield the mononucleotides could 
not restore alanine incorporation in DNAase-treated nuclei. 

Other compounds tested without effect included AMP, ADP, and 
ATP, and mixtures of the purine and pyrimidine bases. Several 
dinucleotides prepared from yeast RNA were made available to us 
through the generosity of Dr. Robert Merrifield of the Rockefeller 
Institute. These included adenylic-adenylie dinucleotide, adenylic- 
guanylic dinucleotide, adenylic-uridylic dinucleotide, and guanylic- 
cytidyhe dinucleotide. None of these compounds could restore uptake 
in DNAase-treated nuclei. 

Although fragments as small as dinucleotides do not seem to be 
active in our system, it was found that the dialyzable split products 
of RNA digestion by RNAase were partially effective. Further frae- 
tionation studies are now in progress in an attempt further to isolate 
and characterize the active dialyzable material. 

The ability of RNA to restore alanine uptake in nuclei deprived of 
their DNA naturally raises the question of the role of ribonucleic acid 
in nuclear metabolism. Attempts to relate the ribonucleic acid of the 
thymus nucleus to nuclear protein synthesis have not so far been 
successful. Treatment of the isolated nuclei with ribonuclease before 
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adding C™-amino acids has no effect on the uptake of the latter. 
However, this result does not permit the conclusion that ribonucleic 
acid plays no part in nuclear protein synthesis, because in the experl- 
ments mentioned only 54 per cent of the nuclear RNA could be released 
by the action of the enzyme. 

It was previously noted that the uptake of isotopic amino acids into 
the proteins of thymus nuclei is not a readily reversible, exchange-type 
reaction. This conclusion was obtained from experiments which showed 
that labeled amino acids once incorporated into nuclear proteins can- 
not be replaced by non-labeled amino acids in the medium. Similar 
experiments were performed on DNAase-treated nuclei which were 
supplemented with either thymus DNA or yeast RNA. These tests 
are summarized in Fig. 10. In both cases the uptake was irreversible; 
the nuclei did not lose isotopic amino acid once it was incorporated. 
The failure to “exchange” cannot be the result of a loss of activity, 
because such nuclei given C!4-alanine show an extensive C!! uptake 
into their proteins. 

Since in the intact nucleus, deoxyribonucleic acid is required for 
protein synthesis, the question naturally arises as to how the DNA 
participates in amino acid incorporation. Several experiments were 
performed to test whether the action of deoxyribonucleic acid requires 
the active participation of its free phosphate groups. The results of 
these experiments are summarized in Table 6. The procedure used 
was to add varying amounts of basic compounds which are known to 
combine with the free phosphoric acid groups of deoxyribonucleic acid. 
The compounds selected included the basic dye methyl green, and two 
basie proteins, namely, protamine, and a lysine-rich histone prepared 
from calf thymus. It is clear that the addition of small amounts of 
methyl green, protamine or histone to the nuclei before adding the 
isotopic amino acid has little effect on the uptake. Large amounts lead 
to a partial impairment of carbon-14 incorporation; but the impair- 
ment may reflect osmotic or other damage to the system, since large 
amounts of added serum albumin also decrease the uptake. The results 
suggest that some of the free phosphate groups of the DNA can be 
blocked without affecting the uptake of labeled amino acids. 


Wuicu Nuc ear Proterns Become LABELED? 


The answer to this question depends at the outset upon the existence 
of a dependable and meaningful scheme of fractionating the proteins 
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4 
TEST FOR REVERSIBILITY OF ALANINE-I-C INCORPORATION IN ONASE~-TREATEO 
NUCLEI 'RESTOREO' WITH A NUCLEIC ACID SUPPLEMENT 


~~ NUCLEI CENTRIFUGED 
TO REMOVE C'* - ALANINE 
si Pam CONTROL' NUCLEI + 
‘ 
= 160 |— © CG - ALANINE 
bd 
140 |— 
Oo * 
joa 
a. 120 
© 100 = 
= 80 Be ‘CONTROL' NUCLEI + 
' 
- ALANINE (400X 
i “so EXCESS) 
See rs : = ‘DNAse ‘ NUCLEI + RNA t 
= 40 ? OC? - ALANINE 
o ‘ONAse 'NUCLEI t+ DONA + 
= c'? - ALANINE 
| 
60 
a ° 60 120 180 


TIME (MINUTES) 


Fic. 10. The retention of alanine-1-C14 incorporated into the nuclear proteins 
of DN Aase-treated nuclei “restored” with thymus DNA or yeast RNA. [See text.] 
The nuclei were treated with DNAase; then given a nucleic acid supplement and 
incubated in the presence of Cl4-alanine. They were then centrifuged down and 
resuspended in the presence of a great excess of unlabeled L-alanine. The specific 
activity of the nuclear protein at different intervals after adding unlabeled alanine 
is plotted against time. 


of the nucleus. This is a field of endeavor which is now in its earliest 
stages of development, though it promises to become a major topic of 
biochemical investigation. 

We have developed a provisional fractionation procedure which is 
applicable to the proteins of thymus “sucrose” nuclei, and which per- 
mits the separation of several classes of proteins of different properties 
and considerable biological interest. In its essentials the procedure is 
as follows (see Flow Sheet, Fig. 11). The nuclei are incubated in 
buffered sucrose medium in the presence of C14-alanine. After uptake 
has occurred, the nuclei are centrifuged down, and the protein released 
into the medium is precipitated with trichloroacetic acid (TCA). The 
amount of this protein in the medium increases with the time of incu- 
bation, but it has a very low specific activity relative to the other 
proteins of the nucleus. The uptake into this fraction does not seem 
to be dependent upon DNA, since pretreatment of the nuclei with 
DNAase does not affect it. The nuclei are next extracted with pH 7.1 
potassium phosphate buffer. This extract contains some RNA and a 
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FRACTIONATION OF THE PROTEINS OF 
ISOLATED CALF THYMUS NUCCET 


NUCLEI 


| 
extract with pH 7 1 phosphate buffer 


EXTRACT RESIDUE 
| 
(RNA + protein) suspend in 1 M NaCl 
to PERresD ; ; 
[Fraction IJ centrifuge at 26 000 x g 
SUPERNATE RESIDUE 
| t 
saturate with NaCl (RNA + protein) 
bring to pH 10.9 (Fraction I) 
SOLUTION PRECIPITATE 


extract with acetate buffer, pH 4.1 


EXTRACT 4 BS ese 


remove salt (histones) (Gelatinous protein) 
extract with acid {Fraction Il] {Fraction IVJ 


ye 


EXTRACT RESIDUE 
(arginine- and (DNA + non-histone protein) 
lysine-rich histones) [Fraction vj 


Fic. 11. Flow-Sheet for the fractionation of the proteins of isolated calf thymus 
nuclei. [See text.] 


small amount of protein, the yield of which seems to diminish as the 
incubation is prolonged. This protein (Fraction I) has considerable 
interest because at times it is the most actively labeled fraction of 
the nucleus. The uptake of isotope into this fraction is almost com- 
pletely abolished by pretreating the nuclei with DNAase and is not 
affected by pretreatment with RNAase. 

The nuclei are then suspended in 1 M sodium chloride, in which they 
swell and largely dissolve. The opalescent solution is centrifuged at 
26,000 g¢ to sediment the undissolved material. This residue (Frac- 
tion II) comprises about 10 per cent of the nuclear mass and contains 
one-third of the nuclear ribonucleic acid. There is ev idence to sug- 
gest that this fraction contains the nucleoli (7). The supernatant after 
high-speed centrifugation contains the bulk of the protein of the 
nucleus and all of the deoxyribonucleic acid. It can be fractionated 
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to yield different histones, a gelatinous protein, and an unfractionated 
residue (4). The protein in the latter is firmly attached to the DNA. 
The distribution of C1 activity in these different protein fractions is 


= 


a matter of some interest (Table 7). (It should be mentioned that the 


TABLE 7 


ALANINE-1-C1+ INCORPORATION INTO DIFFERENT PROTEIN FRACTIONS OF 
Tuymus NUCLEI 








Protein Fraction Specifie Activity 
¢.p.m. per mg. 
Total nuclear protein 107 
Fraction I [protein soluble in pH 7.1 buffer] 179 
Fraction II [residue after extraction in WM NaCl] ILA 
Fraction III [histones] 36 
Fraction IV [gelatinous protein| 157 
Fraction V_ [non-histone protein associated with DNA| 243 





total analine contents of each of the several protein fractions is very 
similar, so that differences in carbon-14 concentration reflect differences 
in the metabolic activity of the various proteins.) For example, it was 
found that the protein most closely associated with the DNA is more 
active than all other proteins of the nucleus, excepting the small frac- 
tion extracted in pH 7.1 buffer. This result lends further support to 
the conclusion drawn from deoxyribonuclease experiments that the 
DNA plays a direct role in protein synthesis. A second point of interest 
is the fact that the level of isotope incorporation into the histone pro- 
teins is relatively low. This result agrees with earlier experiments in 
vivo (8) in which it was noted that the incorporation of glycine-N' 
into the histones of mouse liver, pancreas, and kidney is much lower 
than the uptake into the residual proteins of the chromosome. 


Nucieic Acip SYNTHESIS 


The question now arises as to whether the isolated thymus nucleus 
can synthesize nucleic acid by itself. This was tested by incubating 
the nuclei in the presence of C14-labeled glycine, a substance known 
to be a precursor of the purine ring in nucleic acid biosynthesis. Table 8 
summarizes some preliminary experiments in which incorporation was 
demonstrated in three ways. In the first, the total nucleic acid was 
extracted with hot TCA and prepared by zone electrophoresis. It may 
contain a trace of adsorbed protein. In the other experiments either 
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TABLE 8 


INCORPORATION OF GLYCINE-1-C1l4 INTO THE PRorEINS AND Nucieic Acips 
oF IsoLATED CaLr THymMus NUCLEI 











Nuclear Component Specific Activity 
c.p.m. per mg. 
Total Nuclear Protein 117 
Nucleic Acid prepared by zone electrophoresis 19 
Nucleotides prepared on Dowex—1 11 
Purines prepared on Dowex—50 57 





the nucleotides or the purines were separated on ion-exchange resins. 
In all cases a detectable amount of isotope appeared in the nucleic 
acid. Tests are under way to see whether this process, like protein 
synthesis, is affeeted by pretreatment of the nuclei with deoxyribo- 
nuclease. 


ENERGY- YIELDING MECHANISMS IN ISOLATED NUCLEI 


As considerable energy is required for the active synthesis of pro- 
tein, one would expect the nuclei to contain an energy-generating 
system, possibly involving energy-rich compounds such as ATP and 
related nucleotides. It has already been pointed out that the incor- 
poration of C14-amino acids is an aerobic phenomenon which is 
inhibited by many inhibitors of oxidative phosphorylation. 

It has been shown that thymus nuclei isolated by the Behrens pro- 
cedure have a complete complement of acid-soluble nucleotides, in- 
cluding AMP, ADP, and ATP (4). When similar analyses were per- 
formed on thymus nuclei isolated in sucrose solutions it was found 
that they retained from 60 to 80 per cent of their original acid-soluble 
nucleotide content. These nucleotides were well retained after repeated 
washings with cold sucrose and calcium chloride solution. From the 
analyses of the nucleotides found in thymus nuclei, a surprising obser- 
vation came to light. During the preparation of “sucrose” nuclei in 
the cold, the nucleotide monophosphates characteristic of the excised 
tissue are largely converted back to the energy-rich triphosphate forms 
which predominate in the living tissue. This was proved to be an 
intranuclear phenomenon (4), probably the result of extensive aera- 
tion of the nuclear suspension during the isolation procedure. 

The experiments summarized in Table 9 show that ATP synthesis 
in the isolated nucleus can be inhibited by a number of substances 
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which block or uncouple oxidative phosphorylation. The effects ob- 
tained resemble those obtained in isolated mitochondria when one 
considers inhibitors such as cyanide, azide, dinitrophenol, Antimycin A, 
and carbon monoxide. It differs from any mitochondrial system known 
to us in its resistance to Janus Green B, Methylene Blue, dicumarol, 
and calcium ions. [Another point of difference is that thymus nuclei 
do not appear to contain any cytochrome e oxidase activity (22).] 

Other experiments have shown that although the nucleotides are 
firmly held within the nucleus they can be released (at lower pH 
values) by adding small amounts of acetate. This permits a correla- 
tion to be made between the amount of nucleotide lost and the result- 
ing inhibition of alanine-1-C14 uptake. These results will be published 
elsewhere. 


SUMMARY 


Nuclei prepared from calf thymus in a sucrose medium actively 
incorporate labeled amino acids into their proteins. This is an irre- 
versible, synthetic reaction which requires the participation of the 
deoxyribonucleic acid of the nucleus. Therefore a biochemical function 
of DNA is to mediate the synthesis of protein in the chromosome. 

In the essential mechanism of amino acid uptake, the role of the 
DNA can be filled by denatured or partially degraded DNA, by DNA 
from other tissues, and even by RNA. Purine and pyrimidine bases, 
nucleotides, and certain dinucleotides are unable to substitute for DNA 
in this system. 

When the proteins of the nucleus are fractionated and classified 
according to their specific activities, one finds the histones to be rela- 
tively inert. The protein fraction most closely associated with the 
DNA has a very high activity. A readily extractable ribonucleoprotein 
complex is also extremely active. It_is tempting to speculate that this 
may be an intermediary in nucleo-cytoplasmie interaction. 

The isolated nucleus can incorporate glycine into its nucleic acids. 

Together with earlier observations (e.g., 19) on the incorporation 
of amino acids by cytoplasmic particulates, these results show that 
protein synthesis can occur in both nucleus and cytoplasm. 

It has been shown that the nucleus can meet the energy require- 
ments of protein synthesis, It is endowed with oxidative systems which 
generate high-energy phosphate bonds. 
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NUCLEIC ACIDS AND THE SYNTHESIS OF 
PROFEINS” * 


S. SPIEGELMAN 
Department of Bacteriology, 
University of Illinois, 
Urbana, Illinois 


INTRODUCTION 


THE PAST DECADE has witnessed the universal acceptance of a doctrine 
which may be phrased as follows: The key to-the resolution of the 
basic issues of biologically specific syntheses is to be found in the 
interrelations existing within the triad of macromolecules RNA, DNA, 
and protein. 

Data emerging from rather diverse disciplines have tended to sup- 
port such concepts. While no one group of results can be taken as 
conclusive, the cumulative effect has served to elevate the “doctrine 
of the triad” to a central tenet of present-day biological thinking. 

The present paper will attempt to inquire into the following 
questions: 

(1) How well do the data on protein synthesis conform to the dogma 

so acceptable to our times? 

(2) Where do we go from here? 

In surveying knowledge relevant to the first question, we begin with 
the data on precursors and intermediates in protein synthesis and the 
implications of these for a template mechanism. The theoretical and 
experimental information pertinent te a decision on the chemical nature 
of the template are then examined. As a result we come to the some- 
What reluctant conclusion that the time has come to take our faith 


* The original investigations stemming from the author’s laboratory were aided 
by grants from the National Cancer Institute of the U. S. Public Health Service 
and from the Office of Naval Research. 


* The following abbreviations have been used: ribonucleic acid (RNA), deoxy- 
ribonucleic acid (DNA). ribonuclease (RNAase). deoxyribonuclease (DN Aase), 
adenosinetriphosphate (ATP) 
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seriously and subject it to an experimental test which could hope 
to disprove it. This brings us naturally to the second question posed 
and to a consideration of the subcellular fractions developed in recent 
years by investigators who are seeking systems permitting a more 
direct dissective analysis of the protein-synthesizing mechanism. 


THE TEMPLATE QUESTION 


Two principal processes have been proposed as mechanisms for the 
formation of protein molecules. One envisages a step-wise synthesis 
of polypeptides of increasing length and complexity, ending ultimately 
in the finished product. It is implicitly assumed in such hypotheses 
that the individual steps are mediated by a series of specific enzymes. 
The alternative essentially denies this possibility and adopts the view 
that a single template is responsible for and guides the fabrication 
of a particular protein molecule. 

The crucial difference between the two models hes in what may be 
referred to as the “geometrical sensing” inherent in each model. Aside 
from the initial reactions, the first mechanism implies that at each 
step contact between the appropriate catalyst and the molecule being 
formed is limited to relatively small proportions of the molecular 
structure of either. Consequently, each of the many catalysts can 
have but limited information of what has gone before. In the template 
mechanism, on the other hand, contact between the molecule being 
synthesized and the single guiding catalyst is comprehensive. The 
template can therefore in principle possess complete knowledge of geo- 
metrical detail at all stages in the synthesis of the protein molecule. 

For simplicity, we will refer to these two alternatives as the “noly- 
enzyme” and “template” models. The question of which of these to 
adopt as a point of departure in the further analysis of the protein- 
synthesizing mechanism has been the subject of intensive (and repeti- 
tive) discussion in the published accounts of the multitude of symposia 
held within the past few years. The question is not definitively settled, 
and opinion, although favoring the template model, is not unanimous 
in the minds of those competent to form judgments (cf. Synge, 89). 
A justification is as yet therefore required of reasons for preferring 
the template hypothesis. 

From the theoretical point of view, the poly-enzyme mechanism runs 
quickly into a dilemma which, if not insurmountable, is at least 
unpleasant. I refer to the question of the mechanism involved in the 
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synthesis of the proteins which are presumed to serve as the individual 
‘atalysts in the formation of the other proteins. 

Another difficulty is encountered in the face of the mounting evi- 
dence that the amino acid sequence of protein molecules is specified 
with considerable accuracy. The very fact that a unique sequence 
could have emerged from the ingenious experiments of Sanger (75) on 
the structure of insulin already argues forcibly for the relative rigidity 
of the specification. There is in addition the evidence (31) stemming 
from analysis of end and subterminal groups to support the same 
contention. 

It is difficult to see how a multitude of sequentially cooperating 
individual enzymes could provide a mechanism for ordering amino 
acids in a previously specified sequence. Enzymes which are known 
to be capable of peptide bond formation do not have the requisite 
degree of specificity. There is the further problem of geometrical 
sensing. Consider the situation in which 50 out of 100 residues of a 
particular protein molecule have been put together. To make the 
proper choice, the catalyst presumed by the poly-enzyme mechanism 
to mediate the addition of the 51st amino acid would have to possess 
detailed information on the succession of the existing 50 amino acids. 
The difficulty of transmitting the required information would appear 
to pyramid for the stepwise mechanism as the synthesis progresses, 
It is evident that the theoretical difficulties just noted pose no problem 
for the template mechanism. 

The available experimental data are equally discouraging for the 
poly-enzyme mechanism. Briefly noted are the following relevant 
findings. 

(a) Preventing the utilization of any one amino acid by an effective 
analogue concomitantly suppresses the incorporation of all others into 
peptide linkages (45, 48). 

(b) Experiments on the induced synthesis of specifie proteins, such 
as enzymes and antibodies, lead to the conclusion that amino acids, 
or their activated derivatives, are the immediate precursors of finished 
protein molecules (20, 40, 46, 47, 52, 60, 62, 68, 71, 72. 77, 93). These 
experiments have used amino acid analogues, amino-acid—deficient 
organisms, tracers, and subsequent isolation of protein formed. All 
are in agreement. 

(ce) Nutritional experiments with whole animals, as well as cell and 
tissue cultures, lead to the same conclusions (26, 38, 39, 79). 
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(d) No convincing evidence for the existence of peptide interme- 
diates has been found even under conditions where they might rea- 
sonably be expected to accumulate (45, 48, 19). 

Labeling experiments in whole animals have, for the most part, sup- 
ported the template mechanism (6, 7, 9, 11, 22, 49, 80). The only data 
which can be taken as even remotely supporting the existence of pep- 
tide intermediates are those of Anfinsen and his colleagues (4, 85, 94), 
who found evidence of unequal labeling in the synthesis of ovalbumen, 
insulin, and ribonuclease. However, a unique interpretation of unequal 
labeling is made impossible by a number of potential complications. 
Gale (33) and his colleagues have shown by the use of analogues and 
single amino acid supplementation that it is possible to dissociate 
incorporation from protein synthesis. One must therefore raise the 
question whether incorporation experiments exhibiting unequal labeling 
may not be telling us something about the geometry of the protein 
molecule, in terms of differential ease of exchange at localized points, 
rather than about the mechanism employed in putting this molecule 
together. It is important to emphasize that we do not maintain that 
the incorporation reaction is not part of the synthetic mechanism. 
It may, for example, occur only on the template. The point is that it 
need not involve the entire molecule, since Gale’s evidence shows that 
incorporation can occur without being accompanied by the synthesis 
of a complete molecule. Unless an estimate of the extent of this “non- 
synthetic” incorporation can be made, an unambiguous interpretation 
of the data is difficult. The possibilities that some tissues or proteins 
may be more prone to this type of reaction may explain the difference 
between the results obtained with Anfinsen’s material and others. 


Some GENERAL CONSIDERATIONS ON THE NATURE OF THE TEMPLATE 


Those who adopt the template model of protein synthesis are manda- 
torily forced to accept as a more or less immediate task the identifica- 
tion of its chemical nature. There are two features one would ascribe 
a priori to a mold which is to serve as a ouide in the construction of 
a protein molecule. One is that it must be at least as large as the 
compound being synthesized, and the other that it contain in its 
structure the information prescribing the residue sequence. 

Disregarding the physical and concentrating only on the purely 
logical aspects of the situation, any macromolecule composed of two 
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or more distinguishable elements could serve the purpose. That two 
are sufficient follows immediately from the existence of Boolean 
algebra. It should be noted that the term “element” possesses in the 
present context a rather broad significance. Thus, a macromolecule 
composed of identical residues could still in principle satisfy the 
requirement if it possessed two types of linkages between the residues. 
Such limitations of logic would admit many sorts of molecules as suit- 
able candidates for our template, including lipids and polysaccharides. 
In point of fact, of course, relatively few are given serious considera- 
tion in the literature, and many possibilities have never even been 
mentioned as such. This raises an interesting question of omission 
which has received but little explicit attention and which we may 
pause here briefly to discuss. Aside from the question of faith in the 
triad concept, a number of rational arguments can in fact be invoked 
to narrow down considerably the number of macromolecules worthy 
of careful examination. 


On the assumption that the template structure functions physically 
in imposing a restriction of sequence, plausible grounds can be offered 
for eliminating certain types of macromolecules as possible candidates 
for a template. Thus, despite the logical sufficiency, it seems unlikely 
that macromolecules composed of only two elements could serve in 
determining protein structure. The reasons are essentially geometrical 
in nature and involve questions of molecular distances, Selection must 
be made from amongst 20 different amino acids. Consequently, a two- 
element template would have to employ a minimum of five elements 
in the choice of a given amino acid at a particular point of a sequence. 
For compounds like polysaccharides this would involve distances of 
about 25A. Similarly, one would tend to disregard macromolecules 
composed of three or even more elements in which all but two were 
present in relatively small proportions. 

Another factor influencing our search amongst the macromolecules 
for a suitable template stems from our belief in the basic similarity 
and unity of biosynthetic systems. Unless forced to do so by inecon- 
trovertible evidence, we are not likely to entertain the premise that 
such a centrally necessary mechanism as protein synthesis would be 
mediated in some forms by one type of chemical template, and by a 
completely different sort in others. This point of view necessarily leads 
to the immediate elimination of many macromolecules which are unique 
to particular cell types. Attention is thereby focused on a small class 
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which is known to be universally distributed throughout the living 
kingdom. 

One other point may be made, related to the very probable assump- 
tion that the amino acid sequence of a protein molecule is rigidly deter- 
mined. It follows that the sequence of template elements must be 
ordered with an equivalent accuracy. If this be accepted, we must 
discard all macromolecules which are synthesized by a mechanism 
which does not inherently contain a plausible device for specifying 
element sequence. Thus, the very reasons that led us earlier to adopt 
a template model for protein synthesis force us to eliminate as tem- 
plates macromolecules which are synthesized stepwise by one or more 
cooperating enzymes. 

It is important to emphasize explicitly that we are not categorically 
denying the involvement of enzymes in the formation of templates. 
We are proposing that if enzymes do play a role they cannot be the 
determinants of the sequence of elements in a template. 

In summary, then, the general analysis of the protein template 
problem leads us to postulate a macromolecule which is universally 
distributed, composed in large part of at least three elements in roughly 
equivalent proportions, and synthesized by a mechanism insuring 
accurate ordering. 

There are only three candidates which one can at the present time 
offer as suitable, and we are thus returned to members of our triad, 
RNA, DNA, and protein. Here we must admit we are making a virtue 
out of our ignorance, particularly with regard to the third property 
noted. Many macromolecules are eliminated by virtue of the fact that 
we know enough of the details of their synthesis to be certain that 
ordering does not emerge as a consequence of the mechanism. Our 
uncertainty as to the synthetic details of our three candidates is suffi- 
cient to permit retention of the hope that an ordering device exists. 

The analysis can be pushed one step further under the rather naive 
assumption that only one of the three serves as the template and that 
it is functionally and generically independent of the other two. Thus, 
consider the proposition that protein is the template for making more 
protein. One is immediately faced with a dilemma we have already 
encountered—what makes the protein templates? There are two ways 
out, both, however, equally unpalatable biologically. One could sup- 
pose that all proteins are capable of self-duplication. The other would 
assume that only certain proteins can serve as templates for the 
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synthesis of other proteins, but that these templates possess, in addi- 
tion to this heterocatalytic capacity, the ability to catalyze their own 
synthesis. Either hypothesis would confer a degree of biological 
autonomy on proteins that few would agree to and for which there 
exists no supporting experimental evidence. 

It should be noted that this line of reasoning argues only against 
protein alone being the template. It does not make unlikely the possi- 
bility that protein may function as a component of the template in 
consort with one or the other of the nucleic acids. 


We should now like to turn our attention to data which could help 
in deciding between the two nucleic acids as components of the protein- 
synthesizing mechanism. We shall first consider data derived from 
experiments with intact cells and tissues. 


EXPERIMENTS WITH INTACT CELLS RELEVANT TO THE 
CHEMICAL NATURE OF THE TEMPLATE 


Evidence from work with the transformation principles offers con- 
vincing evidence that genetic information can be stored in and trans- 
mitted through DNA. The potentiality, therefore, of forming any 
specific kind of protein molecule must ultimately be referable to the 
DNA of the cell. However, the question being entertained at the 
present moment is whether DNA is directly and personally involved 
in the synthesis of protein or whether it effects its influence via an inter- 
mediary differing from itself and which is the actual template. Evidence 
leading to a decisive conclusion with intact cells is at present not avail- 
able and, by the very nature of the question, probably not attainable. 
With such material the best that ean be offered is a series of experi- 
ments inquiring whether a correlation can be established between the 
metabolic activity or state of DNA and the act of the synthesis of 
new protein molecules. ‘ 

There exists a variety of experiments which demonstrate a complete 
dissociation of DNA metabolism from the synthesis of protein. DNA 
formation is known (1) to be far more sensitive to inhibition by radia- 
tion with x-rays than is protein formation. Baron, Spiegelman, and 
Quastler (8) have shown that x-ray dosages far exceeding those 
expected to stop the formation of DNA completely permit, neverthe- 
less, normal enzyme synthesis in yeasts. Kelner’s studies (56) on 
photoreactivation of Escherichia coli following exposure to ultraviolet 
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have provided an elegant method for a virtually complete separation 
of RNA and protein formation from net DNA synthesis. Halvorson 
and Jackson (44), employing yeasts, have repeated and confirmed 
these findings. 

Cohen and Barner (27) have reported the ability of a thymine-less 
mutant of #. coli which can synthesize xylose isomerase in the absence 
of an added supply of thymine. This important finding was confirmed 
in our own laboratory (42), using the same mutant but examining the 
formation of 6-galactosidase. It was found that cells of this strain 
synthesized considerable amounts of the enzyme when suspended in 
a synthetic medium lacking thymine. The use of C14-glycine in the 
same investigation provided convincing evidence that the DNA was 
metabolically inert. The behavior of the thymine-less strain is in 
striking contrast to that observed with mutants possessing other metab- 
olic deficiencies. Thus, in our own experience and in that of others 
(68, 70), mutants deficient for adenine, uracil, or amino acids syn- 
thesize little or no enzyme in the absence of the required metabolite. 

An interesting apparent exception to the data Just cited is that of 
Allfrey’s observation (2) with isolated nuclei of thymocytes. He found 
that treatment with DNAase suppressed the ability of his preparations 
to incorporate labeled amino acids. The fact that DNA from a variety 
of sources, as well as degraded DNA, can restore incorporating ability 
(3) makes it difficult to interpret these findings at present. 

The data cited above demonstrate that drastic interference with 
DNA synthesis is often not accompanied by very striking effects on 
the formation of protein. They would appear to make unlikely the 
possibility that DNA is actively participating in the fabrication of 
new protein molecules. The credence and weight assignable to such 
negative conclusions with respect to DNA gain further weight from 
similar experiments which have studied the relation between protein 
synthesis and RNA metabolism and which yielded strikingly different 
results. 

Ever since the suggestions of Caspersson (23) and Brachet (13), 
many have postulated RNA as a key substance in protein synthesis. 
Chantrenne (24) and Brachet (15) have recently summarized such 
speculations and examined the nature of the supporting evidence. 

Much of the earlier data is essentially correlative and need not be 
detailed here. It may be said at the outset that the relationship 
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mation can occur unaccompanied by protein synthesis. The recent 
remarkable findings being summarized in the present symposium by 
Ochoa represent a dramatic example of such dissociation. 

Certain suggestive interrelations between RNA and protein synthesis 
emerged from the earlier studies of Gale and Folkes (34, 34a) and from 
some more recent investigations which we should like to note. They 
reveal an intriguing dependence of nucleic acid synthesis on amino acid 
availability which is also strikingly exhibited in experiments with 
osmotically-ruptured preparations of protoplasts to be described in 
subsequent sections. 

Using washed suspensions of Staphylococcus aureus, Gale and Folkes 
(34a) found that the formation of nucleic acid in the presence of an 
added supply of purine and pyrimidine bases was greatly stimulated 
by including an amino acid mixture. 

The interesting thing about this augmentation is that it also occurs 
(34) in the presence of sufficient chloramphenicol to prevent protein 
synthesis. This shows that nucleic acid formation can be dissociated 
from protein synthesis, a possibility subsequently confirmed by Wisse- 
man and his colleagues (98a). Of greater immediate interest is the 
elimination of protein synthesis in attempts to explain the stimulation 
of nucleic acid formation by amino acids. The data suggest the neces- 
sity of looking for the answer in terms of the amino acids themselves 
or small molecular weight derivatives of them. 

Pardee and Prestidge (70a) recently reexamined this question with 
the aid of amino acid auxotrophic mutants. They found that the 
synthesis of RNA was virtually eliminated in arginineless, valineless, 
tryptophanless, and threonineless mutants when the required amino 
acid was omitted from the incubation mixture. The amount of RNA 
formed when these mutants were supplemented with the relevant amino 
acid was proportional to the amount of the amino acid added. This 
strong dependence on the presence of the required metabolite was not 
exhibited, however, in the case of methionineless mutants. The peculi- 
arity with respect to the methionine requirement is referable to the 
amino acid deficiency rather than to the strain, since in the ease of a 
double mutant, which was methionineless and leucineless, RNA syn- 
thesis was possible in the absence of methionine but not when leucine 
was omitted. 

The effect of chloramphenicol on these systems was revealing. In the 
presence of limiting amounts of the required amino acids, chloram- 
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phenicol stimulated the synthesis of RNA, whereas in the absence of 
these trace amounts the presence of the antibiotic did not lead to RNA 
formation. 

These data support rather strongly the conclusion derivable from the 
Gale and Folkes experiments. The experiments of Pardee and Prestidge 
permit a further analysis of this intriguing situation. In view of the 
number and kinds of amino acids they tested and found necessary, it 
seems unlikely that we are dealing here with a supply of precursors of 
the nucleic acid building blocks. Their findings imply rather that the 
amino acids are serving in some sort of catalytic role. Again, the fact 
that chloramphenicol stimulates this catalytic activity precisely when 
the supply of a necessary amino acid is limited would appear to make 
unlikely the possibility that the catalytic effect is mediated through 
the formation of some necessary protein. 

Pardee and Prestidge are inclined to reject the hypothesis that the 
amino acids stimulate RNA synthesis by serving as “low molecular 
weight cofactors.” I am, however, inclined to retain this possibility in 
at least one particular form. The experiments we have just summarized 
suggest the possible existence of a common precursor for both protein 
and RNA. The work of Hoagland (51) and DeMoss and Novelli (29) 
already implicates nucleotide—amino acid complexes as the immediate 
precursors of protein. Why could they not also serve as the immediate 
precursor for nucleic acid? Such a complex is a sort of double-headed 
substrate which could provide either active nucleotide for nucleic acid 
synthesis or activated amino acid for protein synthesis. 

A mechanism of this sort would explain many features of the data 
we have described, as well as others. The need for an available supply 
of amino acids for its functioning is obvious. One might perhaps find 
certain amino acids not required for nucleic acid synthesis, since all 
80 possible complexes are theoretically not needed. Further, it is evi- 
dent that when one or more of the amino acids is limited, suppression 
of their relatively irreversible incorporation into protein would con- 
serve their use in nucleic acid formation. One ean thereby explain the 
chloramphenicol effect and the need for a trace supply of amino acids 
to exhibit this sort of stimulation. 

Any agent which prevented the formation of one of these necessary 
complexes would simultaneously inhibit the synthesis of both protein 
and nucleic acid. This may well explain the results of Schmidt et al. 
(75a), who find that in sulfur-starved yeast ethionine, which does 
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not interfere with purine synthesis, nevertheless prevents the synthesis 
of both protein and polymerized nucleic acid. 

There are other more or less obvious implications of a mechanism of 
this sort but we need not detail them here. 

While RNA formation is evidently possible in the absence of protein 
synthesis, the majority of the available data suggests that the opposite 
situation does not obtain. There are certain apparent exceptions and 
since these provide the most rigorous test of the central concept of 
RNA as the template, we may briefly consider a few such instances 
here. For example, Abrams (1) found that x-rays inhibited the syn- 
thesis of RNA and DNA, as measured by incorporation of C!+-labeled 
glycine, but had little effect on the incorporation into protein. It is 
interesting to note that McQuillen (63), using uranyl chloride as the 
inhibitory agent, made a very analogous finding with protoplasts of 
Bacillus megaterium. However, is the incorporation of glycine neces- 
sarily an adequate measure of the ability of RNA to function actively 
as a protein-synthesizing machine? 

The pertinence of this question is emphasized by the experiments 
of Hokin and Hokin (53), who used P#?-incorporation as the indicator 
of activity and obtained results at variance with those of Abrams. It is 
possible, and even probable, that P32 may be superior to glycine as an 
indicator of RNA functional activity for the same reason that it 
obviously would be a more informative tool in estimating the metabolic 
activity of ATP. 

Another interesting case is that of virus protein synthesis in the 
coli-phage system. This was taken for some time as an instance of 
rapid protein synthesis in the absence of RNA metabolism. However, 
as pointed out by Hershey (50), if 5 per cent of the total RNA were 
undergoing moderately rapid turnover, the RNA synthesis could easily 
keep pace with the other synthetic processes without having been 
detected. That this is indeed the case has been revealed by the recent 
experiments of Volkin (95), who showed that a specifie RNA fraction 
found in the supernatant RNA actively incorporated P82 in virus- 
infected cells. 

The coil-phage system illustrates in an experimentally subtle manner 
that not all the RNA need be functional. This complication to a simple 
interpretation of correlative experiments is more obviously displayed 
by the mature rabbit erythrocyte, which contains 40 mg. per cent of 
RNA and yet exhibits no ability to synthesize protein (43). In accord 
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with this is the failure to uncover any stoichiometrical relationship 
between the over-all synthesis of RNA and specific proteins (58). 

In designing experiments which could hope to establish a dissocia- 
tion between RNA metabolism and protein synthesis, recognition must 
be given to the possibility that a simple and invariant relation between 
the two may not exist. Such a relation would hold only if a significant 
proportion of the RNA molecules were participating via a chemical 
mechanism detectable by the test employed. 

The ultimate proof of a specific relation between RNA and protein 
is more likely to come from experiments examining the formation of 
individual proteins. As a consequence, the tendency in recent years 
has been to concentrate on the synthesis of specific proteins identifiable 
by their serological or enzymatic properties. We may briefly summarize 
some of the recent findings along these lines. 

Swenson and Giese (88) demonstrated that exposure to ultraviolet 
dosages far exceeding those required to stop DNA formation were 
necessary to result in the inhibition of induced enzyme synthesis in 
yeasts. An examination (87) of the action spectrum revealed that it 
coincided with the absorption spectrum of nucleic acid. Halvorson and 
Jackson (44) extended these interesting observations. They examined 
the effects of various dosages on the synthesis of a-glucosidase, the 
ability to use free amino acid pool components, and the incorporation 
of P*? into the nucleotides of RNA. Their data established an excel- 
lent parallelism between the loss in the capacity to utilize the free 
amino acids and the ability to synthesize enzyme. Ultraviolet dosages 
resulting in a 22 per cent inhibition of RNA metabolism suppressed 
enzyine formation by 95 per cent. Experiments such as these indicate 
that relatively slight damage to the RNA molecules can have serious 
consequences and suggest that RNA has an active role in the process 
of protein synthesis. 

Further evidence along these lines comes from the use of metabolic 
analogues and various deficient mutants. One of the most effective 
compounds tested was 5-OH-uridine, which is able to prevent (81) 
the utilization of uracil for the synthesis of RNA. The present of as 
little as 5 pg./ml. of this compound results in a virtual cessation of 
8-galactosidase formation in H#. coli. Furthermore, this inhibition can 
be achieved even if the OH-uridine is introduced subsequent to the 
addition of inducer, at a time when a maximal rate of enzyme forma- 
tion has already been attained (83). 
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Several illuminating facts emerged from these experiments. One was 
that the OH-uridine could effect a complete inhibition of 8-galac- 
tosidase formation at concentrations which had no effect on over-all 
protein synthesis. The apparently greater sensitivity of the B-galac- 
tosidase-forming system suggests that it requires a larger effective 
supply of RNA precursors than other protein-synthesizing systems. 
A second fact of interest is the ability of the OH-uridine to prevent 
enzyme formation even after its onset. This would suggest that con- 
tinued synthesis of RNA is required for the uninterrupted production 
of new enzyme. The same conclusion was derived by Pardee (70) from 
the observation that uracil-less mutants cease making enzyme imme- 
diately upon the exhaustion of externally supplied uracil. 

The dependence of new enzyme formation on nucleic acid synthesis 
was also exhibited by Spiegelman, Halvorson, and Ben-Ishai (83) in 
the case of a-glucosidase formation in Saccharomyces cerevisiae. In 
addition to their free amino acid pools, yeast cells also possess a con- 
sidable internal supply of nucleotides and their polyphosphate deriva- 
tives (76). It was found possible to deplete the nucleotide pool speci- 
fically by incubation in the presence of an external supply of amino 
acids and energy. This treatment leads to a loss of enzyme-forming 
capacity but leaves the free amino acid pool intact. If cells are first 
partially induced and their nucleotide pool then depleted, they fail to 
form enzyme on being re-exposed to inducer. If their nucleotide pool 
is replenished, however, enzyme synthesis proceeds normally. These 
experiments illustrate in a different manner and with another system 
the apparent requirement that RNA synthesis be possible if induced 
enzyme formation is to continue. 

It should be noted that the requirement for active RNA synthesis 
may turn out to be a property unique to induced protein formation. 
Creaser (28) studied the effect of azaguanine on the synthesis of 
catalase and £-galactosidase in two strains of S. awreus. The 8-galac- 
tosidase was inducible in both strains, whereas the catalase was in- 
ducible in one and constitutive in the other. Azaguanine inhibited the 
synthesis of the inducible enzymes at all growth stages. Further, it 
was equally effective subsequent to the onset of enzyme synthesis. 
Its presence, however, had no influence on the synthesis of the consti- 
ink ve keen AT. a results obtained could 

y thi synthesis stitutive enzymes may not demand the 
concomitant formation of RNA. Creaser suggests that the difference 
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may lie in the relative instability of the RNA template in instances of 
inducible enzymes. 

Should these results be generalized by confirmation with other 
enzyme systems, a significant difference between induced and con- 
stitutive protein formation will have been uncovered. There exists, 
however, one apparent disagreement with this conclusion. Thus, Gros 
and Spiegelman (41) found that the formation of 8-galactosidase in 
constitutive mutants of EH. coli was as sensitive to inhibition by 
5-OH-uridine as in their inducible counterparts. However, the possi- 
bility remains that this contradiction is more apparent than real. The 
formation of 8-galactosidase in the constitutive mutants of E. coli may 
be due to the endogenous formation of an inducer rather than to any 
modification in the stability of the template. 

The data described thus far, relating the synthesis of specific pro- 
teins and RNA metabolism, are still essentially only correlative. Two 
recent reports, although only of a preliminary nature, carry the analysis 
one step further. One is that of Volkin (95), who provides evidence 
that the RNA synthesized subsequent to infection by bacterial virus 
possesses a base ratio which differs from that normally found in the 
uninfected EH. coli cell. The other is the report of Chantrenne (25), 
who finds that the induced synthesis of catalase in yeast is accom- 
panied by an increased incorporation of labeled purines and pyrimi- 
dines into RNA. Ammonium sulfate fractionation of the RNA yielded 
several fractions differing considerably in specific activities. These 
results are interpreted to indicate that the effect of enzyme induction 
in modifying RNA metabolism is not a generalized one but rather is 
referable to one or more specific fractions. Aside from the obvious 
instances of certain of the RNA plant and animal viruses, these two 
investigations provide the first suggestive leads to a possible specificity 
in the function and structure of RNA. 


EXPERIMENTS WITH SUBCELLULAR FRACTIONS 


The data surveyed in the previous section leave little doubt that 
RNA is implicated in some way with the synthesis of new protein 
molecules. They do not, however, constitute proof that the RNA is 
serving as the specific template. The same results would have been 
obtained were RNA to constitute a nonspecific source of energy re- 
quired, for example, for the activation of the individual amino acids 
as a preliminary to their insertion into peptide linkages. One need 
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only imagine the excellent sort of correlative data which would have 
been obtained had attention been focused on the relation between the 
metabolism of ATP and protein synthesis. 

There is no doubt that interesting and even ingenious experiments 
have been, and will continue to be, performed with intact cells. Never- 
theless, it has been painfully obvious for some time that the distance 
between the data and the deductions derived from the analyses of 
intact cells is far too great for certainty. As between the two, many 
of us would, I suspect, prefer to be ingenious rather than courageous. 
It is therefore with reluctance that one accepts the conclusion that 
ingenuity alone will no longer suffice and that the age of courage and 
the direct approach has arrived. As pointed out in the introduction, 
the analysis of the problem has reached the stage in which the working 
hypothesis must be taken seriously and subjected to direct tests. Those 
who accept the RNA template dogma can no longer delay the search 
for and the design of experimental systems which will ultimately 
permit an unequivocal demonstration that a specific RNA functions 
as a guide in the formation of a specific protein. The possibility must 
not be overlooked that the same experimental systems may prove with 
equal certainty that RNA is not the template. 

It must not be imagined that one must arrive in a single leap at the 
ideal situation of the isolated template operating in pristine purity and 
fabricating protein molecules from an appropriate mixture of synthetic 
amino acids. There is little doubt but that the presence of unknown 
numbers of cooperating factors, both large and small, are necessary 
for the final synthesis. A more realistic and realizable immediate goal 
would be the attainment of a subcellular preparation sufficiently organ- 
ized to provide the as yet unspecified components, and sufficiently dis- 
organized to permit the selective removal and insertion of macromole- 
cules of interest. A gradual simplification should emerge as a natural 
consequence of the increasing understanding which will attend the 
study of such systems. 

In the past few years a number of laboratories have reported the 
successful preparation of various subcellular fractions exhibiting in one 
form or another protein-synthesizing capacity. We should like to sum- 
marize the results obtained to date with such systems. 

A. Anucleate Systems. 


One of the most direct ways of deciding whether the physical 
presence of DNA is necessary to the formation of new protein mole- 
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cules is to examine the consequences of nuclear absence. There are 
biological systems, for example, reticulocytes, which suggest them- 
selves as natural experimental material for such purposes, since their 
maturation is paralleled by the loss of their nuclei as microscopically 
defined structures. It has been shown (12) that reticulocytes incor- 
porate labeled amino acids into their protein and glycine into their 
DNA (58) long after the nucleus has disappeared. The possibility of 
specific protein synthesis has also been exhibited with the same 
material (69, 57). 

Anucleate fragments of eggs obtained by centrifugation (66) or 
ligation (90) can incorporate radioactive precursors into RNA and 
protein. Indeed, the incorporation of labeled glycine into RNA is 
notably more rapid in the anucleate fraction. 

The most extensive investigations along these lines have emerged 
from the laboratories of Brachet and Mazia. In both investigations, 
organisms were used permitting micromanipulative removal of nuclei. 
In the case of Amoeba proteus, the results obtained in the two labora- 
tories are in essential agreement (14, 54, 67). Enucleation results in a 
considerable loss of RNA and a corresponding decrease, but not a 
complete loss, in the ability to incorporate labeled methionine or 
phenylalanine into protein. 

Interpretation of these results is complicated, however, by the fact 
that the anucleate fragment is unable to feed. Hence these experiments 
are carried out under starvation conditions in which the synthesis of 
protein and nucleic acid would be at a minimum. This may well 
explain the very different results obtained by Brachet and his collabo- 
rators (16) when they employed the alga Acetabularia mediterranea 
in analogous experiments. Here, the enucleated halves retain their 
photosynthetic capacity and hence possess the energy and material 
requisite for macromolecular synthesis. Removal of the nucleus in 
these organisms leads to a stimulation in the net synthesis of protein 
and RNA which lasts for about 15 hours for protein and 5 hours for 
RNA. Subsequently, a slower synthetic rate sets in which can con- 
tinue for periods extending over several months. 

The enucleation experiments provide some of the strongest evidence 
available against the supposition that DNA must serve as a physical 
template for protein synthesis. We shall consider comparable data in 
subsequent sections which describe experiments with bacterial proto- 
plasts performed in our own laboratory. 
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We have already referred to the complementary experiments with 
isolated nuclei free of cytoplasm. The results obtained with them are 
fully detailed elsewhere in this symposium by Allfrey. 


B. Experiments with Cytoplasmic Particulates 

A continuing investigation by Zamecnik and his collaborators over 
the past few years has provided valuable information on the properties 
of a subcellular system derived from animal tissue. The work started 
with observations by Siekevitz and Zamecnik (78), who demonstrated 
that a crude rat liver homogenate could incorporate amino acids under 
conditions where oxidative phosphorylation was possible. Zamecnik 
and Keller (99) succeeded in preparing a microsome fraction which 
actively incorporated amino acids when supplemented with some com- 
ponent of the supernatant fraction and an ATP-generating system. 
Subsequent work (55, 100) on the supernatant fraction indicated the 
presence therein of an enzyme which generated guanosine triphosphate, 
a derivative of which functions in the insertion of the amino acids into 
peptide linkages. Hoagland (51) studied the nature of the activating 
enzyme from the supernate and the role of ATP in the process in some 
further detail. The addition of a complete complement of L-amino 
acids to the supernatant fraction enhanced the rate of exchange of 
inorganic pyrophosphate into ATP, and a-aminohydroxamie acids are 
produced if hydroxylamine is included as a trapping agent. The data 
suggested a collection of separate enzymes which function in a carboxyl 
activation of the individual amino acids as an initial step to their 
incorporation into the microsomes. The data of DeMoss and Novelli 
(29) also suggest involvement of polyphosphate derivatives of nucleo- 
tides as activators of amino acids. 

While no net synthesis has been observed with this microsomal 
fraction, the evidence supports the contention that a step relevant to 
protein synthesis is being studied. Most important was the demon- 
stration (100) that hydrolysis of the protein isolated from the micro- 
somes after incubation with C!4-leucine led to the isolation of a pep- 
tide containing the radioactive amino acid linked to isoleucine and 
valine in an a-peptide bond. Further, the incorporation of the labeled 
amino acid into the microsomes is irreversible, a fact which argues 
against any nonspecific absorption phenomenon or easily exchangeable 
reaction of some other sort. The incorporation occurs most readily into 


a protein which is not separated from the RNA by exposure to 0.5 per 
cent Na-desoxycholate. 
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Webster and Johnson (96) have reported the preparation of a par- 
ticulate fraction from pea roots which incorporates labeled amino acids. 
The activity is destroyed some 50 per cent by treatment with RNAase 
or by extraction with 1 M sodium chloride. Restoration of incorpora- 
tion can be achieved by the addition of RNA from a variety of sources, 
as well as by RNAase or mild KOH digests of RNA. This system also 
responds to mixtures of nucleotides and nucleosides, as well as the 
bases. 

Extremely provocative preliminary reports have emerged from 
Straub’s laboratory to suggest that net protein synthesis has been 
achieved in a cell-free system. Ullman and Straub (92) reported the 
formation of amylase in homogenates of pigeon pancreas. Synthesis 
required supplementation with a complete amino acid mixture and 
ATP at .02 M. In the original report the amylase-synthesizing activity 
was found to be associated with a fraction sedimentable from 0.3 1 
sucrose solutions at speeds corresponding to between “1,000 and 20,000 
g” in 30 minutes. In a subsequent report, they announce (86) a solu- 
bilized preparation derived by homogenizing the fresh organ in cold 
acetone and drying the residue in vacuo. A water extract of the 
acetone powder is brought to pH 5.0, and the resulting precipitate is 
centrifuged and resuspended in a buffered incubation medium. The 
synthesis of amylase in this system corresponds in the best case to 
about a 50 per cent increase and more usually is in the neighborhood 
of about 20 per cent. ATP is required and enzyme formation is stopped 
by treatment with ribonuclease or by inclusion of p-fluoro-phenyla- 
lanine. The inhibition of the latter is reversed by the addition of the 
normal homologue. 


C. Experiments with Ruptured Cells. 


The work of Gale and Folkes (35, 36) on sonically ruptured cells 
has justifiably attracted wide interest. The findings have been exten- 
sively summarized in recent discussions, and we need note here only 
certain interesting features of the system as reported in the original 
publications. Suspensions are disrupted by sonic disintegration to yield 
preparations low in viable cells (between 0.015 and 0.3% of the original 
suspension) and retaining the ability to incorporate amino acids and 
synthesize specific enzymes. 

One of the most useful features of these preparations resides in the 
fact that they can be selectively resolved with respect to their nucleic 
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acid content by the use of the corresponding nuclease or by extraction 
with 1 M sodium chloride. The extent of the resolution with respect to 
the two nucleic acids is a function of the degree of disintegration to 
which the original preparation was exposed. By varying this factor, 
fractions have been obtained and studied with differmg RNA and 
DNA contents. 

The extent of the resolution for RNA extends between 87 per cent 
for what is called stage “B” to about 96 per cent for stage “D”. For 
DNA, the corresponding numbers are 82 per cent and 92 per cent. 
Striking restorations of synthetic activity upon supplementation with 
nucleic acids are obtained only with preparations in which the per- 
centage of removal has been extensive. 

The incorporation of C!-glutamiec acid requires the presence of an 
energy supply, which can be provided by ATP and hexose diphosphate 
(HDP). If glutamic acid is the only amino acid present, the incorpora- 
tion ceases when only a fraction of the added amino acid is incor- 
porated, and the kinetics behave as if the system were equilibrating. 
The reversible nature of the incorporation is easily demonstrated by 
allowing the C14-glutamie acid to be incorporated and then adding 
unlabeled glutamic acid. The labeled amino acid then emerges. If a 
complete amino acid mixture is present, the kinetics of incorporation 
behave differently, proceeding linearly and showing no sign of leveling 
off within the period of the experiment. 

When the preparation is depleted of nucleic acid, a marked decrease 
in the rate and extent of incorporation results. Restoration of the 
incorporating ability can be achieved by the addition of staphylococcal 
nucleic acid of either kind, DNA however being more active than RNA 
on a dry weight basis. 

Nucleic acid preparations from other sources (Pseudomonas aeru- 
ginosa, Clostridium welchii, thymus, wheat germ, herring roe, Sac- 
charomyces cerevisiae, and ox liver) were found to be ineffective. On 
the other hand, nucleic acid from another strain of S. aureus possessed 
essentially the same activity as that derived from the strain being 
employed. 

The incorporation studies quickly ran into some puzzling properties. 
If staphylococcal RNA was digested with the corresponding nuclease 
and the residual nucleic acid was reprecipitated and dialyzed, the sub- 
sequent preparations possessed no activity. However, if the complete 
digest was added to the disrupted cells, the stimulating effect on incor- 
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poration remained and was, in some cases, enhanced. Furthermore, 
inactive RNA from unrelated species could be made active by similar 
digestions. This suggested that at least part of the incorporating 
activity was referable to small components, and in a subsequent study 
(37) such indeed appeared to be the case. 

The apparent specificity of the intact nucleic acids is paradoxical 
in the light of these findings. One possibility is to ascribe the specificity 
to endogenous nucleases cay ble of hydrolyzing with ease only sta- 
phylococcal nucleic acids to uctive fragments. The problem remains, 
however, unresolved. 

Several other peculiarities enic:ged upon comparison of the incor- 
poration of a number of amino acids into such preparations. It was 
found that the addition of nucleic acid to resolved preparations did 
not restore incorporating ability equally, the extent varying with the 
amino acid tested. Thus, for example, activation by nucleic acid of a 
salt-resolved preparation influenced incorporation as follows: glycine, 
550%; aspartic acid, 210%; glutamic acid, 150%; lysine, 20%; and 
alanine, 0%. These differing responses were observed independently 
of the method of resolution for nucleic acid. No procedure was found 
which resulted in any effect of nucleic acid on the incorporation of 
alanine. 

It had been hoped that incorporation could be used as a measure of 
protein synthesis if it were carried out in the presence of all the amino 
acids. However, the same differential effects on individual amino acids 
are observed whether the complete mixture or only a single amino acid 
is supplied. 

Gale (32) comes to the conclusion that either incorporation is not 
suitable for the study of protein synthesis as such, or the effects of 
nucleic acids on protein synthesis are related to specific amino acids 
rather than to specific proteins. The formation of ‘“‘glucozymase,” 
catalase, and B-galactosidase was adopted as a more certain criterion 
of protein synthesis. The conclusion that the observed increases in 
activity were reflections of protein synthesis was based on the require- 
ment for a complete amino acid mixture and inhibition with chlor- 
amphenicol. 

The belHavior of the three enzymes differed from each other and also 
varied with the degree of resolution with respect to nucleic acids. 
Preparations in which 85 per cent of the nucleic acids of both types 
have been removed are able to synthesize all three enzymes when 
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incubated with a complete mixture of amino acids. Supplementation 
with nucleic acids has little or no effect. When, however, 93 per cent 
of the RNA and approximately 90 per cent of the DNA have been 
removed, little enzyme-forming ability is observed unless the prepara- 
tions are supplemented either with nucleic acid or its derivatives. 
Catalase formation is strongly stimulated by RNA and does not 
respond to a mixture of purine and pyrimidine bases. The synthesis 
of 8-galactosidase, on the other hand, is stimulated by the latter but 
not by RNA. DNA possesses little or no activating effect in these 
preparations. If the resolution is carried one step further, leading to 
the removal of 92 per cent of the DNA and approximately 96 per cent 
of the RNA, one obtains preparations which respond less markedly to 
either RNA or to the purines and pyrimidines, and are stimulated 
markedly by DNA. 

The properties of enzyme synthesis in the highly resolved prepara- 
tions are consistent with the generally accepted view of the interrela- 
tions between RNA, DNA, and protein, which assumes that DNA 
makes RNA and that the latter in turn synthesizes protein. The fact 
that DNA becomes mandatory for the synthesis of the constitutive 
enzymes in the most highly resolved preparations may simply be a 
reflection of a greater stability of DNA to the isolation procedures 
employed. The inability of RNA to stimulate the 8-galactosidase for- 
mation at any stage of resolution can be interpreted in terms of a 
greater instability of RNA templates associated with inducible 
enzymes. 

It is clear that this system possesses great potentiality. The crucial 
and decisive experiments relative to the specificity of the nucleic acids 
remain to be performed. 


D. Experiments with Bacterial Protoplasts. 

Work on protoplasts began with Weibull’s observation (97) that 
exposure of Bacillus megaterium to lysozyme under hypertonic condi- 
tions leads to the formation of structures he labeled “protoplasts.” 
Usually, each rod-like cell yields two or three of the spherical proto- 
plasts. Osmotically stabilized suspensions of the protoplasts were found 
to be metabolically active, possessing a high endogenous respiration 
and capable of oxidizing glucose at constant rates for extended periods 
of time (98). It was generally recognized that a subcellular system 


of potential usefulness in the analysis of cellular syntheses had been 
uncovered. 


S. SPIEGELMAN 253 


A number of laboratories undertook a study of the synthetic capaci- 
ties of these protoplasts. It was shown independently by Brenner and 
Stent (18), as well as by Salton and McQuillen (74), that bacterio- 
phage multiplication can occur in protoplasts of B. megaterium if the 
bacteria are infected or induced prior to the removal of the cell wall. 
Virus yields were in the neighborhood of 30 per cent of those obtain- 
able with intact cells. Single burst experiments demonstrated that 
virus synthesis was occurring in a major proportion of the infected 
protoplasts. 

It became quickly evident that protoplasts retained a major pro- 
portion of the synthetic potentiality of the cells from which they are 
derived, as is dramatically exhibited by Salton’s experiments on spore 
formation (73). Approximately 1 per cent of the protoplasts were 
convertible to spores. Thus far, no one has achieved direct conversion 
of B. megaterium protoplasts to viable cells by resynthesis of the cell 
wall. McQuillen (64) has, however, provided: evidence indicating a 
limited residual capacity for division. When properly supplemented 
and incubated with aeration for periods extending between 4 and 6 
hours, protoplasts take on dumb-bell shapes which are highly sug- 
gestive of incipient division. 

Attempts to study protein synthesis by tracer procedures were actu- 
ally made prior to the appearance of Weibull’s publication, and while 
it was not realized that under certain conditions the treatment of 
sensitive cells with lysozyme results in the appearance of microscopi- 
cally visible structural elements. Lester (61) exposed Micrococcus 
lysodeikticus to lysozyme in the presence of sucrose and found that 
such “lysates” could still incorporate C14-labeled leucine into the 
protein fraction. The addition of desoxyribonuclease enhanced the 
incorporation, whereas ribonuclease abolished it. Similar findings were 
reported by Beljanski (10), who used labeled glycine. Here again, 
stimulation with DNAase and inhibition with RNAase were observed. 

The first extensive investigation of incorporation in defined proto- 
plast preparations was reported by McQuillen (63). A variety of 
C14-labeled compounds was used and a comparison of protoplasts and 
intact cells made. The results obtained in the two were qualitatively 
similar. C1!4-carboxyl-labeled glycine made its way into protein as 
alycine and also into the adenine and guanine of the nucleic acids. 
The rate of incorporation in the protoplasts was between 50 and 100 
per cent of that observed with intact cells. 
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The synthesis of enzymatically active proteins in suspensions of 
protoplasts was achieved simultaneously in several laboratories. Wiame 
and his collaborators (98) showed that arabinokinase was formed in 
protoplasts prepared from Bacillus subtilis when they were incubated 
aerobically in the presence of arabinose, yeast extract; and ammonium 
sulfate, with 0.5 M sodium chloride as a stabilizing agent. MceQuillen 
(65) and Landman and Spiegelman (59) demonstrated that proto- 
plasts of Bacillus megateriwm, strain KM, can be induced to synthesize 

-galactosidase. As with other synthetic functions, the properties of 
enzyme formation in protoplasts and intact cells were markedly similar, 
providing the comparisons are carried out under hypertonic conditions. 

The interest in the protoplasts as possible tools in the further 
analysis of enzyme synthesis stems, of course, from the possibility that 
they might be more amenable to specific enzymatic resolution than the 
intact cells from which they are derived. Fortunately this possibility 
is potentially obtainable, for it is when one examines responses to 
various enzymes that striking differences between cells and protoplasts 
begin to emerge. It was found (59) that the ability to synthesize 
enzymes could be abolished in protoplasts by treatment with either 
lipase or trypsin. Intact cells are completely insensitive to these 
enzymes. 

These results illustrate a point worthy of the attention of those 
concerned with performing and interpreting experiments with sub- 
cellular fractions of any sort. Based simply on the observation recorded 
with lipase, one might be led to conjecture that a lipid is a key eom- 
ponent to the enzyme-forming mechanism. However, the fact is that 
the loss of enzyme-synthesizing ability is a simple consequence of the 
physical dissolution of protoplasts. After incubation with either lipase 
or trypsin at the levels indicated, few protoplasts can be recovered. 
It is thus important in any given case to demonstrate that an inhibi- 
tion of synthetic activity which follows a particular treatment is not 
the result of a generalized destruction. This caution is also relevant 
to experiments involving other enzymes such as ribonuclease and 
desoxyribonuclease. Lysis of protoplasts by RNAase has been observed 
by Brenner (17), as well as in our own laboratory, under certain condi- 
tions. To be interpretable, experiments of this nature must be accom- 
panied by evidence that enzymatie, or any other, treatment has resulted 
in the selective removal of the relevant compounds. 
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An extensive examination has been made of the effects of both 
RNAase and DNAase on the chemistry and the synthesis of B-galac- 
tosidase in both intact cells and protoplasts. No effects were observed 
With imtact cells under any conditions. Striking modifications were, 
however, obtained with protoplasts (82). 

A few words may perhaps be interposed on the conditions necessary 
for consistent results. The earlier phases of this investigation were 
plagued by extremely poor reproducibility. As a result of purely 
empirical efforts, a procedure was finally devised which yielded proto- 
plast preparations giving comfortably concordant results in repetitive 
experiments. The major difficulty was finally located at the stage of 
cell preparation. Customarily, cells for an experiment were obtained 
by inoculation into 2% peptone, followed by incubation with shaking 
overnight at 30° C. By morning, the cultures were in the stationary 
phase and were then put through a “rejuvenation” prior to use. Reju- 
venation consisted of diluting the cultures five-fold with fresh medium 
and reincubating until they had entered the logarithmic growth phase, 
as determined by periodic examinations of the optical density. Extreme 
care had to be exercised in controlling the time allowed for rejuvena- 
tion, if protoplast preparations were to be obtained exhibiting uniform 
behavior with respect to enzyme-forming ability and response to 
resolution. 

The precision which had to be exercised was puzzling. Consequently 
an investigation (Spiegelman, unpub.) was made of the cells during 
the course of their rejuvenation, and this disclosed that our procedure 
had inadvertently led to a marked phasing of DNA synthesis. Total 
RNA formation showed only slight evidence of cycling. However, 
enzyme-forming ability varied twenty-fold during the course of one 
cycle. The details of the interrelations are still being unraveled. The 
studies did make possible the preparation of protoplasts capable of 
extensive enzyme synthesis and which responded homogeneously to the 
action of enzymes. The observations on accessibility to enzymes may 
perhaps be related to the recently published experiments of Thomas 
(91), who noted a periodic variation in the permeability of pneumococci 
to large molecules such as DNA and DNAase. 

Even with the rejuvenation aspect of the system under control, a 
consistent removal of RNA and DNA by the corresponding nuclease 
was not achieved until the age of protoplasts at the time of treatment 
was carefully standardized. Protoplasts incubated in the stabilizing 
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medium became progressively more impervious to enzymatic resolu- 
tion. Eventually it was found most convenient to treat the protoplasts 
with the nuclease enzymes during their formation. 

The procedure finally employed for resolution may be outlined as 
follows. The rejuvenated cells are suspended in the hypertonic medium 
supplemented with 1% casein hydrolysate, lysozyme at a level of 200 
yg. per ml., and the enzyme to be tested for ability to resolve the 
protoplasts. The incubation is carried out for a period of 45 minutes 
at 30° C. with constant shaking, by which time the cells have been 
converted into protoplasts and the resolution will have been accom- 
plished. The protoplasts are then recovered by centrifugation, an 
aliquot removed for test of enzyme-forming ability, and the remainder 
retained for chemical analysis. Residual capacity to synthesize enzyme 
was examined by suspending the treated protoplasts in hypertonic 
medium containing amino acids and hexose diphosphate and lactose 
as the inducer. The resultant suspension was then incubated on a 
roller-type device for 2 to 3 hours with periodic sampling for enzyme 
assay. The latter was performed with the aid of the chromogenic 
substrate, ortho-nitrophenyl-8-p-galactoside. Untreated controls were 
always run in parallel. 

The first series of experiments performed was designed to provide 
an answer to the question of whether the physical presence of intact 
DNA and RNA was necessary for the induced synthesis of B-galac- 
tosidase. Table 1 summarizes a typical series of experiments in which 
the effect of DNAase on protoplasts was examined in terms of the 
percentage of removal of DNA, RNA, and the residual enzyme-forming 
capacity. The results with respect to enzyme-forming abilities are 
clear-cut. It is quite evident from the data that considerable amounts 
of DNA can be removed, up to 99 per cent, without loss of enzyme- 
forming ability. Indeed, rather considerable stimulations of enzyme 
synthesis are consistently observed. However, it will be noted that in 
those cases where 30 per cent or more of the RNA is lost serious 
inhibitions of enzyme-forming ability resulted. 

Table 2 summarizes a comparable series of experiments in which the 
protoplasts were treated with RNAase, and here the picture is also 
clear. In most cases, there is relatively little concomitant loss in DNA. 
Again, one can observe that, wherever the removal of RNA exceeds 
35 per cent, drastic inhibitions of enzyme-forming capacity result. 
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TABLE 1 
Tue Errect or DNAASE ON ENZYME SYNTHESIS AND DNA anp RNA Content 


DNaAase (400 ug./ml.) was present in the experimental flasks during protoplast 
formation (45 minutes). Protoplasts were then recovered by centrifugation and 
washed. An aliquot was used for determination of DNA, RNA, and protein. The 
extent of removal of each nucleic acid is determined in terms of ratio of protein 
in the protoplast pellet and comparison with untreated control. This corrects for 
loss due to lysis during treatment. Enzyme-forming ability is examined with 
another aliquot of the protoplasts which is resuspended in an induction mixture 
(0.5 M KeHPO4, pH 7.8; 2% amino acids; 0.6% hexose diphosphate; and 0.06 MZ 
lactose). Samples are removed periodically for enzyme assay. Enzyme activity is 
determined in terms of the millimicromoles of o-nitrophenyl-8-p-galactoside 
hydrolyzed per milligram of protein per minute. The rate of enzyme formation is 
obtained as the number of enzyme activity units synthesized per milligram of 
protein per hour. 


Enzyme formed 





Per cent removal (in % of 
Experiment DNA RNA untreated controls) 
1020C,; 87 0 400 
1020C, 94 0 420 
1020C; 97 0 540 
1019D. 41 4 104 
1019C, 43 17 120 
1019C; 99 13 100 
718 65 31 13 
715 65 32 15 
719 59 46 0 
712 39 42 12 





It would appear that enzymatic resolution of protoplasts provides 
information consistent with the thesis that the physical integrity of 
RNA, rather than that of DNA, is the principal requisite for the reten- 
tion of enzyme-forming ability. However, one cannot from such experi- 
ments categorically deny an immediate role of DNA in the process 
of enzyme formation. Uncertainty stems essentially from the fact that 
treatment of protoplasts with DNAase, while leading to the disappear- 
ance of acid-precipitable DNA, does not lead to the complete removal 
of the acid-soluble fragments to which the DNA is degraded. Analysis 
of the acid-soluble fraction following DNAase treatment indicates that 
60 per cent of the degraded DNA remains in the protoplasts. It could 
be argued that these fragments are either themselves functional or 
convertible to active elements. To obviate objections of this nature, 
it would be necessary to get protoplasts to the state in which removal 
of acid-soluble fragments could be achieved. Presumably then an 
unequivocal experimental decision would be attainable. 
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TABLE 2 
Tur Errect or RNAASE ON ENzyYME SyNTHESIS AND DNA anp RNA CONTENT 


RNAase (500 ug./ml.) was present in the experimental flasks during protoplast 
formation (45 minutes). Protoplasts were then recovered by centrifugation and 
washed. An aliquot was used for determination of DNA, RNA, and protein. The 
extent of removal of each nucleic acid is determined in terms of ratio to protein 
in the protoplast pellet and comparison with untreated control. This corrects for 
loss due to lysis during treatment. Enzyme-forming ability is examined with 
another aliquot of the protoplasts which is resuspended in an induction mixture 
(0.5 M KoHPOsg, pH 7.8; 2% amino acids; 0.6% hexose diphosphate; and 0.06 MW 
lactose). Samples are removed periodically for enzyme assay. Enzyme activity 
is determined in terms of the millimicromoles of o-nitropheny|-f-p-galactoside 
hydrolyzed per milligram protein per minute. The rate of enzyme formation is 
obtained as the number of enzyme activity units synthesized per milligram protein 
per hour. 





enzyme synthesized 





Per cent removal (Gin % of 
Experiment DNA RNA untreated controls) 

1013 21 33 30 

930B 0 34 0 

926B 0 36 21 
1004D 14 39 38 
1004C 16 52 14 
1020B 0 54 16 
1004F 0 72 10 
1014B 0 72 0 
1020B2 13 75 1 
1020B3 58 78 0 





There were other reasons which impelled us to abandon the study 
of intact protoplasts. It is obvious that a loss of enzyme-forming 
ability paralleling the destruction of a particular macromolecule is 
not adequate evidence for concluding that the macromolecule in ques- 
tion is serving in a specific manner in the synthesis of the protein 
being studied. To complete the evidence and make the conclusion 
inescapable, it is necessary to restore the enzyme-forming ability in 
such a resolved preparation by thé addition of the macromolecule 
which has been removed or destroyed. As a result of accumulating 
experience with protoplasts, it became evident that reconstitution 
would be extremely difficult to achieve. Once made, there is a period 
: 30 ici minutes during which the removal and replacement of 
arge molecules appears possible. This period is not lon g 
permit performance of all the ate operations. yale 
turned our attention to the search for procedures which would vield 
preparations still capable of enzyme formation and yet more or less 
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permanently accessible to the activity of large molecules. The next 
section summarizes the results obtained. 


E. Experiments with Osmotically Shocked Protoplasts. 

The direction taken was conditioned by the experience we had gained 
in the course of the search for a suitable stabilizing medium for enzyme 
synthesis. It was noted that certain procedures, while leading to con- 
siderable lysis, nevertheless on a number of occasions yielded pellets 
containing a surprising amount of enzyme-synthesizing ability. A 
systematic investigation was therefore undertaken of the chemical 
composition and synthetic capacities of protoplasts subjected to con- 
trolled lysis in a variety of media. 

We need not here detail the various procedures tried and which led 
to inactive preparations. It was ultimately found (84) that consistent 
results could be obtained if 0.5 M succinate was used as the stabilizing 
medium and if lysis was achieved by osmotic shocking through the 
sudden addition of water followed by immediate centrifugation. The 
resulting pellet was then resuspended in stabilizing medium. 

The extent of the osmotic shocking must be carefully controlled. 
There exists a rather narrow range within which the procedure yields 
pellets relatively free of protoplasts and retaining enzyme-forming 
ability. The chemical composition and enzyme-forming ability of 
variously shocked preparations are compared with protoplasts in 
Table 3. It will be noted that 1:3 and 1:4 shockates possess somewhat 
better enzyme-forming ability on a per mg. nitrogen basis than the 
control protoplasts. Both of these shockates lose RNA and protein. 


TABLE 3 


ComposITION AND ENZYME ForMING ABILITY OF PELLETS FROM 
OSMOTICALLY SHOCKED PROTOPLASTS 


Enzyme formation (EF) is expressed as increase in enzyme units per mg. of 
protein per hour. The three components are given in terms of mg. per ml. 
Centrifugation at 8,000 r.p.m. for 5 minutes was begun immediately after addition 
of H2O to protoplasts suspended in 0.5 M succinate medium, as described in 


the text. 








~ Material "DNA DNA/prot. RNA  RNA/prot. Prot. EF 
Protoplasts 29 .032 341 col 880 900 
1:3 Shockate 30 ‘088 123 36 340 1120 
Dee Binalcate 23, id 70 35 200 1300 


1:5 Shockate 18 .100 4 .02 179 . 0 
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However, there is no drastic change in the RNA/protein ratio. On the 
other hand, diluting 1:5 yields a pellet possessing no enzyme-forming 
ability and a RNA/protein ratio which has been reduced by a factor 
of 15. 

It will be noted that the pellets from all the shockates exhibit a 
rather surprising ability to retain the DNA originally present in the 
protoplasts. This is related to the fact that the DNA is associated with 
a nucleus-like structure (5) which does not burst immediately unless 
the osmotic shocking is much more extensive. These nuclear structures 
and the DNA associated with them sediment at the speeds employed 
(8,000 r.p.m. for 5 minutes). On resuspension of the pellet by repeated 
blowing through a pipette, most of the DNA goes into solution as 
acid-precipitable material but no longer sedimentable at the speeds 
employed. This property is illustrated by the first number in column 4 
of Table 4. 

Microscopically, shockates of 1:4 and above consist primarily of 
membranous bodies of the same size and shape of protoplasts but of 
lower optical density. The most striking difference between protoplasts 
and the osmotically shocked preparations is the modification in chemi- 
cal composition which follows various treatments. This difference is 
exhibited in Table 4. It will be noted that protoplasts respond neither 
quantitatively nor qualitatively to resuspension, treatment with the 
two nucleases, or extraction with molar sodium chloride and resolving 
mixture (RM). Shockates, on the other hand, are markedly modified 
by any of these treatments. As noted previously, resuspension of the 
pellet from a shockate and subsequent spinning yields a pellet in 


TABLE 4 
RESOLVABILITY OF PROTOPLASTS AND SHOCKATES 


Resuspension was done in 0.5 M succinate. Enzyme treatment and extractions 
carried out for 30 minutes at 30° C. with proper ionic supplements. Pellets recov- 
ered for analysis by centrifugation at 8,000 r.p.m. for 5 minutes. RM, Resolving 
mixture—see text. Figures are percentages of untreated control pellets. b 


Protoplasts Shockate (1:4.2) 
Treatment DNA RNA PROT, DNA RNA PROT. 
Resuspension 95 97 95 15 8 
RNAase (400yg./ml.) 91 89 105 18 30 86 
DNAase (400ug./ml.) 100 98 102 3 S4 85 
1M NaCl 87 81 80 9 58 68 


RM 100 100 100 2 86 7 





S. SPIEGELMAN 261 


which 85 per cent of the DNA has been lost to the supernate. There 
is a small loss in both RNA and protein but not preferentially for 
either. Exposure to RNAase results in a marked drop of RNA, and 
similarly DNAase is capable of removing about 80 per cent of the DNA 
which remains sedimentable after a simple resuspension. Extraction 
with 1 W sodium chloride removes both RNA and DNA and some 
protein. 

A word may be said here about the resolving mixture (RM). It was 
found empirically that if shockate pellets are resuspended in 0.5 A 
succinate as a stabilizing medium, containing in addition 0.1 M phos- 
phate and a complete mixture of amino acids, a highly selective and 
efficient removal of DNA results. The reasons for this removal are 
under investigation. We have, however, used this empirical method as 
an extremely convenient device for the selective removal of DNA. 
It will be noted in Table 2 that this treatment has little effect on 
either RNA or protein. 

We next undertook to examine the effect of these various procedures 
on the enzyme-forming ability. The results of a typical experiment are 
summarized in Table 5. The DNA analyses of the acid-soluble and 


TABLE 5 
Nucietc Acip Resotution AND ENZYME ForRMATION IN SHOCKATES 


Treatments carried out as in Table 4, but extended to 50 minutes at 30° C. 
Cold 0.2 N perchloric used to separate acid-soluble and acid-insoluble fractions. 
Enzyme formation (EF) measured as in Tables 1 and 3. 


Distribution of DNA of resolved 
shockate in mg./10 ml. 








In percentages Pellet Supernate 
of controls Acid- Acid- Acid- Acid- 
Treatment DNA RNA EF Insol. sol. insol. sol. 
RM <1 100 150 <9 <2 190 95 
RM DN Aase Gi 89 130 ane <a 8 305 
DN Aase al 92 140 me, ae 2 302 
(1 M NaCl) 5 49 14 — — — — 
RN Aase 74 42 10 —— — — — 





insoluble fractions are given for the first three pellets along with the 
corresponding figures for the supernatants. The procedures for remov- 
ing DNA used singly and in combination were clearly effective, there 
being no detectable DNA left in the pellet either as small or large 
fragments. Nevertheless, no inhibition of enzyme synthesis resulted. 
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On the other hand, treatment with RNAase or extraction with 1 M 
sodium chloride, both of which lead to removal of RNA, resulted in a 
corresponding decrease in enzyme-forming capacity. 

We would appear to have here a completely convincing experiment 
demonstrating the possibility of the formation of new enzyme molecules 
in the absence of DNA. There remained, however, one unlikely possi- 
bility that the preparations could resynthesize the DNA during the 
subsequent incubation required for the test of enzyme-forming ability. 
Samples were therefore taken at the end of three hours’ incubation 
and analyzed for DNA. To our complete astonishment, extensive 
resynthesis of DNA had occurred. Needless to say, this observation 
modified temporarily the direction of our investigations. 

Table 6 summarizes a representative set of experiments with various 


TABLE 6 
RESYNTHESIS OF DNA IN PELLETS FROM OSMOTICALLY SHOCKED PROTOPLASTS 


Incubation carried out at 30° C. with shaking. Medium is as described in text. 
In all cases pellets washed once prior to incubation. Some were subjected to 
resolution for DNA. Figures represent ug./10 ml. as determined by Burton’s modi- 
fication of the Dische reaction on the acid-precipitable fraction. 








Shockate Preparation Zero Time 3 Hours 
i 4 118 
; Ly 130 
1:4.2 q 76 
1:4.2 40 273 
1:4.7 18 153 
1:4.7 — 44 





types of shockates resolved initially to various extents and then sub- 
jected to a three-hour incubation. It is to be seen that the amounts of 
DNA synthesized are considerable. That the material being synthe- 
sized is DNA was established by a number of criteria. First, it is con- 
verted to acid-soluble form by treatment with deoxyribonuclease. 
Secondly, on removal of RNA by alkaline digestion, and hydrolysis 
with hot 0.5 N perchloric acid, the ultraviolet absorptions at 260 and 
290 my were in quantitative agreement with the values expected on the 
basis of the Dische (30) and Burton (21) reactions of the same 
material. 

It is, of course, needless to emphasize that a shockate is hardly an 
enzyme preparation, and much remains to be done to analyze the nature 
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oi the system further. There are certain features which we might note. 
The principal components of the incubation medium are succinate 
(0.6 M), KCl (0.1 MW), amino acids (1% enzymatic hydrolysate of 
casein), hexose diphosphate (.6%), magnesium chloride (0.02 M), and 
manganese chloride (0.001 M). The omission of the amino acids abol- 
ishes DNA formation. These can, however, be partially replaced by the 
four deoxynucleotides and ATP. The kinetics of the resynthesis is of 
interest. Following a lag period of 40 to 90 minutes, synthesis begins 
and proceeds linearly for a period exceeding five hours. The rate 
achieved is not dependent upon the initial amount of DNA left in the 
preparation. Noteworthy is the fact that the rate of DNA synthesis 
(ug. per mg. protein per hour) in these shockates can exceed by a 
factor of 10 the maximal rate attained by a culture growing loga- 
rithmically in 2 per cent peptone. The relation of this DNA synthesis 
to the system described by Kornberg in the present symposium cannot 
be specified as yet. 

In view of this remarkable capacity to synthesize one of the impor-_ 
tant macromolecules, an examination was naturally made for net for- 
mation of RNA and protein. The results are summarized in Table 7, 


TABLE: 7 
RESYNTHESIS OF NuctEic AcIDS IN SHOCKATES AND PROTOPLASTS 


Conditions are as described in previous tables. Figures represent percentages 
after 3 hours of amounts at zero time. Analysis carried out on acid-insoluble fraction. 








Preparation and Treatment DNA RNA Protein 
1:4 Shockate RM 3000 410 350 
RM 1200 520 460 
RM 720 210 140 
RM 420 120 80 
1M NaCl 0 130 102 
RN Aase 40 80 _64 
Protoplasts RM 510 600 550 





in which synthesis in protoplasts and 1:4 shockates sub) ected to various 
treatments are recorded. One finds that protoplasts can synthesize all 
three components, but in a manner which always leads to an equal 
proportionate increase in all three components. Shockates, on the other 
hand, in general display an unbalanced synthetic ability. Finally, it 
will be noted that shockate preparations treated with either molar 
sodium chloride or RNAase lose their ability to synthesize all three 
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components. This loss has thus far been an invariable consequence 
of the removal or damage of RNA. The implications of this for the 
hierarchichal relationships amongst the three macromolecules are sug- 
gestive but at the present time hardly conclusive. 

An extensive attempt has been made to restore the enzyme-forming 
ability of resolved preparations. Restoration has been achieved by 
ATP in some cases and by a mixture of the nucleoside diphosphates 
in others. These substances are active providing the resolution with 
respect to RNA has not been too severe. The effect of supplementing 
with purified Ochoa enzyme, derived from E. coli, was also examined. 
The puzzling result was obtained that the enzyme abolished the stimu- 
lating effects of the diphosphates. Obviously, other enzyme prepara- 
tions must be tested, particularly a purified preparation from B. mega- 
tertum. Until these experiments are performed, no certain conclusions 
can be drawn. 

Many questions are raised by the results we have thus far reported 
with the osmotically shocked protoplasts of B. megaterium. Principal 
interest in our minds centers on the biological competence of the macro- 
molecules which these preparations can synthesize. There is no doubt 
but what they can fabricate enzymatically active protein. It remains, 
however, to be established whether the DNA and RNA formed are 
nonsensical or possess biologically meaningful content. It will be a 
tedious task to attempt a resolution of this question with B. mega- 
terium. Little genetic work has been done with this organism and the 
necessary mutant collection is not available. 

Fortunately, protoplast formation with E. coli has been recently 
achieved by a number of investigators, including Lederberg, Zinder, 
and Mahler and Frazer. All were kind enough to communicate their 
methods prior to publication. We have used Lederberg’s procedure, 
which involves growth in the presence of penicillin in a sucrose-sta- 
bilized medium. Our preliminary results have demonstrated that active 
shockates can be prepared as easily from E. coli protoplasts as from 
B. megaterium. The wealth of genetically defined material available 
with #. coli makes it the obvious choice for future investigations of 
certain basic problems. 


CONCLUSION 


The problem of protein synthesis has been brought to the point 
where further questions must be posed in terms of the chemical struc- 
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tures and reactive interrelationships amongst RNA, DNA, and protein. 
The work with the subcellular systems reviewed in the last sections of 
this paper makes it evident that the era of the direct attack has arrived. 
The crucial experiments have not yet been executed. However, the 
systems required for their performance are with us, or close at hand. 
The outlook is depressingly bright for the quick resolution of many 
interesting problems. 
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EFFECTS OF NUCLEOTIDES ON THE INCORPORATION 
OF AMINO ACIDS INTO PROTEIN* 


GEORGE C. WEBSTER 
Department of Agricultural Biochemistry, 
The Ohio State University, 
Columbus 10, Ohio 


MICROSOME-LIKE particles derived from pea seedlings have the ability 
to incorporate a variety of amino acids into their protein. Incorpora- 
tion of any single amino acid is enhanced by a mixture of seventeen 
other amino acids, magnesium and potassium ions, and low concen- 
trations of adenosine triphosphate (11, 12). Incorporation is inhibited 
by adenosine diphosphate, by rubidium ions, and by various amino 
acid analogues (11, 12). The particles are unstable after removal from 
their cellular environment, and steadily disintegrate during incubation 
at 38° C., with the liberation of ribonucleotides, This disintegration 
process severely limits the time during which amino acid incorporation 
into protein can occur. Extensive investigations of optimal environ- 
mental conditions for the preparation and incubation of the particles 
have extended their useful stability to 90-120 minutes, and have 
resulted in greatly increased amounts of amino acid being incorporated 
into protein. 

Ribonucleic acid is essential for amino acid incorporation into par- 
ticulate protein. Pretreatment of the particles with ribonuclease results 
in the release of dialyzable nucleotides and the coincident inhibition 
of incorporating activity. Furthermore, both 4-aminofolic acid, an 
inhibitor of nucleic acid synthesis (5, 9), and various purine and 
pyrimidine analogues are inhibitors of amino acid incorporation into 
protein. 


Gale and Folkes (3) have made the significant observation that the 
amino-acid-incorporating ability of bacterial extracts, previously in- 
hibited by ribonuclease treatment, is restored by the addition of bac- 
terial ribonucleic acid. Similar results have been observed with the 


* This work was aided by a grant from the Charles F. Kettering Foundation. 
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present system, but, unexpectedly, the effect is not dependent on an 
intact ribonucleic acid molecule. Instead, a mixture of the four nucleo- 
sides derived from ribonucleic acid is considerably more effective in 
promoting amino acid incorporation than is ribonucleic acid itself (14). 
These findings raise a number of questions concerning the functions 
of both ribonucleic acid and its constituents in the incorporation of 
amino acids into protein. In order to learn more about the relation- 
ships of nucleosides and amino acid incorporation, our previous studies 
(14) have been extended to include considerations of the specificity 
of the nucleoside effect on incorporation, the possible functions of 
nucleosides and nucleotides in the amino acid incorporation system, 
and their relationship to actual protein synthesis. 


SPECIFICITY OF THE NUCLEOSIDE EFFECT 


In view of the striking effect of a mixture of the four nucleosides 
derived from ribonucleic acid on amino acid incorporation into protein 
(14), it was of considerable interest to determine the chemical struc- 
tures of the nucleoside molecules necessary for promoting incorpora- 
tion. It has already been shown (14) that removal of the ribose moiety 
results in a decreased ability of the nucleoside to enhance amino acid 
incorporation. Fig. 1 shows the effect of substitution of deoxyribose 
for ribose. It can be seen that deoxyribonucleosides, both singly and 
together, are without effect on the incorporation of glutamate-C!* 
into protein. Likewise, substitution of inosine, xanthosine, or purine 
riboside for guanosine or adenosine results in a diminution of the pro- 
moting effect of these nucleosides. Kinetin (6-furfurylaminopurine), a 
potent cell-division factor for certain plant tissue cultures (7), is also 
without effect on amino acid incorporation. The promoting effect, 
therefore, is seemingly specific for the nucleosides derived from ribo- 
nucleic acid. 

In contrast to nucleosides, where alteration of the molecular struc- 
ture results in loss of promoting ability, nucleotides exhibit variable 
effects depending on the position of the phosphate group in the 
molecule. As is evident from Fig. 2, nucleoside-3’-phosphates are less 
capable of promoting amino acid incorporation than free nucleosides. 
As the cytoplasmic particles are able to remove the phosphate group 
from nucleoside-3’-phosphates, it is entirely possible that the promo- 
tion observed with nucleoside-3’-phosphates is a reflection of their 
conversion to free nucleosides. In contrast, a mixture of nucleoside- 


270 THE CHEMICAL BASIS OF HEREDITY 


NONE 


ADENOSINE 
GUANOSINE 


CYTIDINE 


URIDINE 
THYMIDINE 
MIXTURE OF 
4 NUCLEOSIDES 
1.0 2.0 
/KLMOLES INCORPORATED/GM, PROTEIN /HR, 


Fig. 1. Effects of ribonucleosides and deoxyribonucleosides on glutamate-Cl4 
incorporation into protein. Open bars, ribonucleosides; solid bars. deoxyribonucleo- 
sides. Complete system containing glutamate-C!4, amino acid mixture, adenosin 
triphosphate, phosphoenolpyruvate, MgCls, KCl, and the nucleosides was incu- 
bated for 60 minutes at 38° C. 
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Fic. 2. Effects of various nucleotide mixtures on the 
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5’-phosphates is more effective in augmenting incorporation than free 
nucleosides. Nucleoside-5’-diphosphates are only slightly more effec- 
tive than the monophosphates, but a mixture of nucleoside-5’-tri- 
phosphates elicits the greatest enhancement of incorporation thus far 
obtained. 

Gale and Folkes (4) have reported that, under certain conditions, 
the incorporation of a particular amino acid into bacterial protein is 
promoted by specific di- and tri-nucleotides obtained from ribonuclease 
digests of ribonuclei¢e acid. Similar polynucleotide fractions have been 
isolated from a ribonuclease digest of yeast ribonucleic acid and 
purified by chromatography on Dowex-1 (1). When these polynucleo- 
tides are incubated with the particular preparation, amino acid mix- 
ture, Mg++, K+, and adenosine triphosphate, they fail to enhance 
the incorporation of any of the following amino acids into protein: 
alanine, arginine, aspartic acid, cysteine, glutamic acid, glycine, histi- 
dine, leucine, lysine, methionine, phenylalanine, and valine. In a few 
cases, in fact, 20-30 per cent inhibitions of amino acid incorporation 
result from the presence of the polynucleotides. Promotion of incor- 
poration is obtained only when a concentrate of the crude ribonuclease 
digest (after removal of the nondialyzable polynucleotide) is incubated 
with the incorporating system. Although it is suspected that this pro- 
moting effect is due to the presence of mononucleotides in the digest, 
the possibility cannot be ruled out as yet that some unidentified pro- 
moting factor is present in such preparations. 

Effects of nucleosides on the protein content of cytoplasmic particles. 
In addition to promoting the incorporation of amino acids into protein, 
nucleoside-5’-triphosphates effect an apparent increase in the protein 
content of the cytoplasmic particles (13). This increase requires the 
presence of a mixture of 18 amino acids, and magnesium and potassium 
ions (Table 1). However, the maximum protein increase that has been 
obtained thus far is disappointingly small and amounts to only 8 per 
cent of the particulate protein. Whether this increase represents a 
general synthesis of particulate protein, or whether it is due to the 
formation of a specific polypeptide is not yet clear. The fact that the 
protein increase is dependent on nucleotides and amino acids, in the 
same Manner as amino acid incorporation into protein, suggests, how- 
ever, that C!4-amino-acid incorporation into the particulate protein 
(14) is probably the result of this protein increase. Unfortunately, 
despite considerable effort, it has not been possible to elicit greater 
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TABLE 1 


CHARACTERISTICS OF THE INCREASE IN PARTICULATE PROTEIN 








Micrograms protein formed per 
milligram particulate protein per hour 





System 

Complete 58. 
minus amino acid mixture 0. 
minus Magnesium ions 25. 
minus potassium ions 38. 
minus adenosine triphosphate 15. 
minus nucleoside triphosphate mixture 30. 
plus p-fluorophenylalanine 23. 
plus ribonuclease 0. 
plus hydroxylamine 0. 





increases in protein. The most obvious difficulty in obtaining greater 
increases is due to the steady disintegration of the particulate nucleic 
acid during incubation. Further alterations of environmental condi- 
tions during the preparation and incubation of the particles, or the 
addition of a variety of possible stabilizing materials have failed to 
decrease further the rate of particle inactivation. 


FUNCTION OF NUCLEOTIDES IN THE INCORPORATION OF AMINO 
ACIDS INTO PROTEIN 


In view of the above results showing that ribonucleotides specifically 
increase both the rate of amino acid incorporation into protein and 
the protein content of the particles, the manner in which nucleotides 
function in both of these processes is of primary interest. Although 
they may exert several different influences, one attractive possibility 
is that nucleoside-5’-phosphates are efficient precursors of ribonucleic 
acid. The results of recent investigations with purine- or pyrimidine- 
requiring mutants of bacteria (8, 10), as well as with purine analogues 
(2), have indicated that protein formation depends upon the simul- 
taneous formation of nucleic acid. In the present system, the effective- 
ness of nucleoside-5’-phosphates in promoting amino acid incorporation 
into protein could be due to their providing an abundant supply of 
nucleic acid precursors. That this may indeed be the case is shown by 
the data of Table 2, in which the rates of incorporation into ribonucleic 
acid of a series of precursors are compared. As is evident, the carbons 
of C14-adenosine-5’-phosphates are incorporated considerably faster 
into ribonucleic acid adenine than are the carbons of any other 
precursors examined. The rates of incorporation, in fact, roughly 
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TABLE 2 


INCORPORATION OF VARIOUS C14-LABELED COMPOUNDS INTO THE ADENINE 
oF Riponuc.eic Acip 











Substrate Micromoles incorporated per hour 
Glycine 0.03 
Adenine 0.15 
Adenosine 0.23 
Adenosine-3’'-phosphate 0.17 
Adenosine-5’-phosphate 0.29 
Adenosine-5’-diphosphate 0.30 
Adenosine-5’-triphosphate 0.33 








parallel the extent to which the various substances enhance the incor- 
poration of amino acids into protein. Nucleoside-5’-phosphates, there- 
fore, may be promoting amino acid incorporation into protein by pro- 
moting the concurrently necessary formation of ribonucleic acid. 

In order to ascertain whether protein and nucleic acid syntheses are 
interdependent in the cytoplasmic particles, the effects of selective 
inhibitors on each process have been examined. Table 3 presents the 


TABLE 3 


EFrects oF SELECTIVE INHIBITORS ON THE INCORPORATION OF METABOLITES 
INTO ProreIN AND Riponucietc ACID 











Per cent inhibition of incorporation of 











Inhibitor C-glutamate into C-adenosine triphosphate 
protein into ribonucleic acid adenine 
p-Fluorophenylalanine 41. 50. 
8-Thienylalanine 45. 38. 
Ethionine 18. 21. 
Hydroxylamine 100. 100. 
Chloramphenicol 100. 100. 
Purine 83. yar 
6-Mercaptopurine 25. 19. 
Benzimidazole 41. 33. 








results of these studies. In every case, inhibitors of nucleic acid syn- 
thesis inhibit amino acid incorporation into protein, while inhibitors 
of protein synthesis inhibit the incorporation of C1!4-adenosine-5’- 
triphosphate into the adenine of ribonucleic acid. Extensive studies 
have as yet failed to provide an inhibitor that will “uncouple” the 
two processes. 

At least two other possible functions of nucleotides in promoting 
amino acid incorporation should be mentioned. The possibility that 
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nucleotides promote incorporation by inhibiting decomposition of 
particulate ribonucleic acid has been tested experimentally. No evi- 
dence for the function of nucleotides in the inhibition of ribonucleic 
acid decomposition has been obtained. Of greater potential interest is 
the possibility that nucleotides act as (or are converted to) cofactors 
for protein synthesis. The observation of Keller and Zamecnik (6) 
that leucine incorporation into the protein of liver microsomes is spe- 
cifically enhanced by guanosine diphosphate may be an example of 
such a cofactor function. Similar effects of guanosine diphosphate have 
not been observed with the present system, but it is possible that the 
nucleotide is already firmly bound to the particles. 


DISCUSSION 


Experiments with the present system have demonstrated two note- 
worthy facts. First, they have shown that the requirements for the 
incorporation of amino acids into protein at maximal rates are complex 
and involve (in addition to amino acid mixtures, adenosine triphos- 
phate, Mg++, and K+) both intact ribonucleic acid molecules and cer- 
tain mononucleotides. Secondly, if close attention is paid to the above 
requirements for maximal incorporation, as well as to optimal environ- 
mental conditions for the preparation and incubation of the particles, 
then indications of net protein synthesis can be obtained. These find- 
ings, together with those of other investigators (3, 15), demonstrate 
conclusively the value of cell-free preparations in elucidating the 
nature of the process of amino acid incorporation. 

It would seem, however, that intact particles are of only limited 
value in elucidating the exact manner in which amino acids are incor- 
porated into protein, and the manner in which ribonucleic acid or 
ribonucleotides participate in this process. The difficulties encountered 
in the study of both amino acid incorporation and net protein synthesis 
due to the activities of various degradative enzymes in the particles 
have already been mentioned. In order to overcome these difficulties. 
a systematic investigation has been undertaken of amino acid incor- 
poration into protein by the nucleoprotein fractions liberated by sonic 
disruption of the microsome-like particles. Although only preliminary 
results are available, they indicate amino-acid incorporating systems 
of less complexity than the cytoplasmic particles can be prepared, and 
that these systems can provide additional information on the chemical 
steps involved in the incorporation of amino acids into protein. 
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REPRESSION AND INDUCTION AS CONTROL 
MECHANISMS OF ENZYME BIOGENESIS: 
THE “ADAPTIVE” FORMATION OF 
ACETYLORNITHINASE* 


Henry J. VOGEL 
Department of Microbiology, 
Yale University, 
New Haven, Connecticut 
THE INTIMATE connection that exists between the genetic apparatus of 
cells and the formation of enzymes (and other proteins) has been 
brought into sharp focus by the researches in microbial genetics (5, 11, 
19, 28). For a full understanding of gene physiology and its chemical 
basis 1t would, therefore, seem essential to gain insight into the 
mechanics of protein synthesis. Undoubtedly, a clarification in detail 
of gene function as related to protein biogenesis is one of the central 
issues of contemporary “molecular biology.” 

Much of our knowledge of protein synthesis has come from several 
beautiful and incisive studies of enzymatic adaptation or induced 
enzyme formation (10, 14, 15, 17, 18). The important consequences of 
this work have riveted attention on the induction process, the inducer, 
and the latter’s supposed locale of action, the enzyme-forming site. 


Is INpucTION A SINE Qua Non or ENzyMr Formation? 


The present article is concerned, among other things, with the ques- 
tion whether or not induction is a necessary characteristic of all enzyme 
formation. Certain aspects of this question have been critically dis- 
cussed by Cohn and Monod (7). They have cited the frequently 
expressed “unitary” view that there are no serious grounds for a funda- 
mental distinction between inducible and constitutive enzymes. It 
follows, then, either that (i) induction is universal but masked in the 

* Previously unpublished results obtained at Yale University were aided by a 


contract between the Office of Naval Research, Department of the Navy, and 
Yale University. 
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‘ase of constitutive systems (generalized induction hypothesis), or 
that (21) induction is a secondary and contingent phenomenon that 
is not a necessary characteristic of enzyme syntheses (secondary 
induction hypothesis) (7). 

Cohn and Monod have made it clear that the problem of generalized 
versus secondary induction is as yet unresolved, but did propose that 
constitutive enzymes are formed through the agency of endogenous 
(internal) inducers (7). As an argument against the “secondary” 
hypothesis, these authors held that, if the said hypothesis is correct, 
the observed specific structural relationship of enzyme to inducer can 
be accounted for only on the assumption (which appears to be unwar- 
ranted) that induced enzyme synthesis somehow results from a specific 
combination of preexisting enzyme and inducer (7). It seems to the 
writer, however, that another assumption would be in accord with a 
“secondary” hypothesis, namely, that induced enzyme formation de- 
pends in part on an entity that is neither the enzyme nor the inducer, 
but has elements of structural complementariness to the inducer. 


In connection with the generalized induction hypothesis, Cohn and 
Monod (7) considered the concept of the organizer (16) in induced 
enzyme formation. They pointed out that this concept implies that 
the characteristic pattern of an enzyme’s “dynamic” site is imposed 
on it by a prosthetic group or co-organizer, which in turn is derived 
from the corresponding inducer. In other words, the inducer would 
earry at least part of the information for the structure of the enzymati- 
eally active portion of the protein. However, there is a good basis for 
the belief that the cell has this kind of information prior to induction, 
in view of certain specific inhibition effects observed (7), and for other 
reasons. It would thus seem that the inducer is dispensable with respect 
to the structural information required for enzyme synthesis. 


Accordingly, there would appear to be no valid theoretical objec- 
tions to a secondary induction hypothesis. On such a hypothesis, the 
nature of enzyme induction would be primarily that of a control 
mechanism. This view has been maintained from time to time and 
has been advocated in a recent paper by Lederberg (12). Indeed, the 
picture of induced enzyme formation as a regulatory device is con- 
sistent with the available results, including the following: enzymes of 
indistinguishable specificity are evoked by different inducers; there is 
no necessary relationship between the properties of a given substance 
as inducer, substrate, or complexant, and inducible enzymes usually 
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show a “basal level” in the absence of added inducers. Moreover, on 
the basis of a “secondary” hypothesis one need not postulate (gen- 
erally undemonstrable) endogenous inducers to account for the syn- 
thesis of constitutive enzymes (or for the basal levels of inducible 
enzymes). 

The findings with acetylornithinase are in harmony with the notion 
that an induction process is not a sine qua non in the formation of this 
enzyme. Although an adaptive phenomenon has been encountered in 
the biosynthesis of this enzyme (22), it has not been possible to dem- 
onstrate an induction effect, nor indeed has it been necessary to 
postulate one. 


THE Case OF ACETYLORNITHINASE 


The adaptive phenomenon observed with acetylornithinase seemed 
of particular interest because it initially suggested the possibility of 
induced enzyme formation involving a constitutive, biosynthetic 
enzyme (22, 29; cf. 7). 

The biosynthetic pathway with which this phenomenon was asso- 
ciated is the one leading to ornithine, citrulline, and eventually to 
arginine in Escherichia coli. In this organism, ornithine has been found 
to arise via a series of acetylated intermediates (20, 23-25). The last 
step in the formation of ornithine is the hydrolytic deacetylation of 
N*-acetylornithine to ornithine. This step is mediated by the enzyme 
acetylornithinase (21, 23, 27). The activity of acetylornithinase is 
enhanced by the cobaltous ion and is stimulated and preserved by 
glutathione; the enzyme has no demonstrable requirements for any 
other organic factor (23, 27). Various other properties of the enzyme 
have also been recorded (27). 


The adaptive phenomenon. For the adaptation experiments, a mutant 
(39A-23R1) of EL. coli! was used that is blocked in the formation of 
acetylornithine; it gives a growth response either to acetylornithine 
or to ornithine or citrulline or arginine. Since the mutant is blocked 
in the arginine pathway at a step prior to that catalyzed by acetyl- 


* Strain 39A-23R1 is a single-colony isolate from a culture of strain 39A-23 (ef 
22), which in turn is derived from £. coli, ATCC 9637. Results with ‘different 
isolates were qualitatively similar, but quantitatively somewhat variable. In terms 
of the ultimate growth level attained by strain 39A-23R1, acetylornithine (on . 
molar basis) is at least as effective a growth factor as arginine. ‘The L-isomers of 
acetylornithine (20, 24) and of arginine were used throughout. bs: 
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ornithinase, this organism could be employed in experiments designed 
to exhibit a possible inducing effect of the exogenously supplied sub- 
strate on acetylornithinase formation (without interference from endo- 
genously produced substrate). It thus seemed feasible to test for an 
induction effect that might be masked in the corresponding wild-type 
organism due to the continuous presence of the substrate of the con- 
stitutive enzyme involved. 


An adaptive response could indeed be shown in growth experiments 
(Fig. 1). When an arginine-grown inoculum is cultivated under 
anaerobic conditions at 37° C. in a glucose-salt medium supplemented 
with arginine, exponential growth at wild-type rate results (see the 
straight line ABC in Fig. 1). However, if the arginine-grown inoculum 
is cultivated in the presence of a supplement of acetylornithine (under 
otherwise unchanged conditions), the adaptive response represented by 
the curve AD is obtained. Acetylornithine-grown inocula, when again 
cultivated on acetylornithine, fail to give the pronounced lag shown 
in’ Fig. 1 (cf. 22, 29). 


The adaptation observed suggested that the enzyme utilizing acetyl- 
ornithine was being elicited through the agency of its substrate. In 
this connection, it should be noted that no growth of the mutant is 
obtained unless either acetylornithine or arginine (or the latter’s func- 
tional equivalent) is provided. Hence, what appeared to be an enzyme 
induction by acetylornithine might have reflected the resumption of 
spontaneous (non-induced) enzyme formation after a possible prior 
depression by arginine (during the growth of the inoculum). 


An indication of such an antagonistic effect on acetylornithinase 
formation presented itself in growth experiments with mixed supple- 
ments of arginine and acetylornithine. 

Diphasic growth. When the mutant strain is cultivated, in the gen- 
eral manner described, on a mixed supplement of a limiting amount 
of arginine and an excess (in terms of growth requirement) of acetyl- 
ornithine, diphasic growth results, as represented by ABE in Fig. 1 
(ef, 22). During the first phase, the growth proceeds exponentially at 
wild-type rate with virtually exclusive utilization of the arginine 
supplied.2, At the point of exhaustion of the arginine, a relatively 

“The preferential utilization of arginine would seem to be due either to an 
inhibition of acetylornithine utilization at the level of enzyme function (rather 


than of enzyme formation) or to an interference with the access of acetylornithine 
to acetylornithinase (cf. footnote 4). 
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Vic. 1. Growth of mutant strain 39A-23R1 on various supplements 


The organism was grown anaerobically (nitrogen atmosphere) at 37° C. on a 
glucose-salt medium supplemented either with arginine alone (squares), or with 
acetylornithine alone (triangles), or witha mixture of 0.06 millimolar arginine and 
0.30 millimolar acetylornithine (crosses). 


The inoculum used was cultivated on the glucose-salt medium supplemented 
with 0.05 millimolar arginine; the inoculations were performed shortly after growth 
of the inoculum had ceased, 


Growth of the cultures was followed turbidimetrically. A Klett-Summerson 
instrument (No. 66 filter) was employed; Klett-Summerson units are proportional 
to optical density. 


See text and Table 1 in reference to the circled letters in this figure. 
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sharp “break” occurs; the organisms then enter a second phase, during 
which they grow at a reduced exponential rate. In general, no appre- 
ciable lag intervenes between the two phases. During the second phase, 
the organisms grow at the expense of the acetylornithine that was 
included in the medium. That the reduced second-phase growth rates 
observed reflect a restrictive rate of conversion of acetylornithine to 
ornithine is readily shown by the immediate acceleration of growth 
produced upon addition of ornithine to second-phase cultures. 


An antagonistic effect of arginine seemed to be revealed, when it 
was noted that the longer the duration of the first phase (i.e., the 
more arginine there was in the mixed supplement), the slower was 
the resulting second-phase growth rate (22). 


As a working hypothesis to account for the diphasic growth behavior, 
the possibility has been considered that the second phases correspond 
to an arginine-regulated capacity of the organisms to synthesize acetyl- 
ornithinase. Other interpretations, however, have not been excluded. 
For instance, the second-phase growth rates could reflect the amount 
(controlled by arginine) of enzyme present in the cells at the “break”; 
and the constancy of these rates could be due to a physiological adjust- 
ment of the organisms (under the prevailing cultural conditions) to 
the initial pace set, even if relatively increased quantities of acetyl- 
ornithinase should become available. Either hypothesis would be 
consonant with an antagonistic action of arginine (or a derivative 
thereof) on acetylornithinase formation. 


Enzyme studies with mutant strain 39A-23R1. When the relative 
specific activity (see Table 1) of acetylornithinase extracted from 
acetylornithine-grown cells was compared with that from arginine- 
crown cells, the former was found to be substantially higher than the 
latter. The enzyme from acetylornithine-grown organisms and that 
from arginine-grown organisms were indistinguishable on the basis of 
their behavior toward cobalt and glutathione and of their substrate 
affinity; mixture experiments with enzyme from the two sources gave 
additive results. It was therefore inferred that the adaptive phenom- 
enon observed actually reflects the formation of acetylornithinase. 


When a culture was sampled during second-phase growth at a point 
corresponding to E in Fig. 1, a relative specific activity smaller than 


? The enzyme from the two sources is also indistinguishable from the acetylorni- 
thinase of wild-type EF. coli, ATCC 9637. 
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TABLE 1 


Errect or CULTIVATION CONDITIONS ON THE RELATIVE SpecIFIC ACETYLORNITHINASE 
Activity OF STRAIN 39A-23R1 


The organisms were cultivated in the general manner described (see Fig. 1) in 
the presence of the supplements shown. Cultures were sampled for enzyme assay, 
as indicated, at points corresponding to A, B, C, D, and E in Fig. 1. The samples 
taken were chilled in ice and centrifuged at 0° C., and the resulting supernatant 
liquids were discarded. The sedimented bacteria from each sample were suspended 
in ice-cold 0.125 M phosphate buffer (pH 7) containing 1.0 mM glutathione and 
were then disrupted by sonic vibration. The sonicates produced were assayed for 
acetylornithinase activity, essentially as previously reported (27). The relative 
specific activity of the enzyme was computed as units of acetylornithinase activity 
per unit weight of total protein relative to the value (taken as 1.0) obtained for 
the arginine-grown inoculum. 








Supplement, Point of Relative | 
Inoculum concentration (mV) sampling* specific activity 

Arginine-grown None A Loe 
Arginine-grown Acetylornithine, 0.30 D 8.3 
Arginine-grown Arginine, 0.10 C 0.6 
Arginine-grown Arginine, 0.06 B 0.7 
Arginine-grown Arginine, 0.06, plus 

Acetylornithine, 6.00 B 0.7 
Arginine-grown Arginine, 0.06, plus 

Acetylornithine, 0.30 E 3.7 
Acetylornithine-grown Arginine, 0.06 1.2 
Acetylornithine-grown Arginine, 0.06, plus 

Acetylornithine, 6.00 B 1.2 





*The acetylornithine-grown (like the arginine-grown) inoculum, when culti- 
vated on the supplement of arginine shown, gave a growth rate corresponding to 
the line AB in Fig. 1. The same growth rate (at least up to the point of sampling) 
was observed for the two cultures that grew on the mixed supplement of 0.06 mM 
arginine plus 6.00 mM acetylornithine. 


** Value for the arginine-grown inoculum used. 


the “adapted” value, corresponding to D, was found (see Table 1). 
This result is in harmony with the conclusion, previously drawn from 
growth experiments, that arginine (or a derivative) appears to exert 
an antagonistic effect on acetylornithinase synthesis while the organ- 
isms are growing in the first phase. 

In view of the apparent antagonism of arginine, the question arose 
whether this amino acid produces its effect through interference with 
a possible inducing function of acetylornithine in the synthesis of 
acetylornithinase. It was endeavored to obtain an answer to this 
question by examining, under various cultural conditions, the effect 
on the formation of acetylornithinase of the simultaneous presence 
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of relatively large amounts of acetylornithine and relatively small 
amounts of arginine. Under these circumstances, an antagonism, pos- 
sibly of a competitive nature, between acetylornithine and arginine 
might have been anticipated. However, this anticipation was not 
fulfilled, and in fact, no evidence for an inducing action of acetyl- 
ornithine on acetylornithinase formation could be obtained from the 
experiments described below. 

(i) An arginine-grown inoculum was cultivated, under the general 
conditions outlined above, on a quantity of arginine sufficient to permit 
growth up to the optical density of the “break,” as represented in 
Fig. 1. The culture was sampled at a point corresponding to B shortly 
prior to attainment of this optical density. The enzyme level obtained 
is included in Table 1. An arginine-grown inoculum was then culti- 
vated analogously on a mixed supplement of arginine and acetylorni- 
thine, the quantity of arginine again being sufficient to permit growth 
up to the point of the “break” and the molar ratio of acetylornithine 
to arginine being 100 to 1. When the resulting culture was sampled at 
an optical density corresponding to B, precisely the same specific 
activity of extracted acetylornithinase was found as that obtained 
when the organisms were grown in the absence of acetylornithine. Since 
the arginine, but not the acetylornithine, supphed is used up during 
the growth of the culture, the ratio of acetylornithine to arginine 
becomes progressively larger; at the point of sampling, nearly all the 
added arginine has been exhausted, and this ratio is seen to be very 
greatly in excess of the initial one of 100 to 1. Mixed supplements 
containing less acetylornithine likewise led to the same enzyme level 
as that obtained with arginine as sole supplement. 

(ii) A similar experiment was performed with an acetylornithine- 
grown inoculum. During cultivation on arginine or on arginine plus 
acetylornithine, as in (1), the specific activity fell, in both cases, from 
the “adapted” value of the inoculum to that shown in Table 1. 

(iii) An arginine-grown inoculum was permitted to undergo diphasic 
erowth on a mixed supplement of 0.05 mM arginine and 0.8 mM 
acetylornithine. In a parallel procedure, a culture was grown on a 
mixed supplement of 0.05 mM arginine and 15 mM acetylornithine. 
On sampling both cultures at corresponding points during second- 
phase growth, identical acetylornithinase levels were found. 

Enzyme studies with wild-type E. coli. The wild-type organism, 
from which mutant 39A-23R1 was derived, was also examined as to 


284 THE CHEMICAL BASIS OF HEREDITY 


a possible elicitation of acetylornithinase by its substrate. It was 
discovered that wild-type cells grown on minimal medium and such 
cells grown on minimal medium in the presence of 1.0 mM acetyl- 
ornithine gave identical acetylornithinase levels. In contrast, when 
the cells were cultivated in minimal medium containing 1.0 mM argi- 
nine, the specific gravity of acetylornithinase was reduced by 70 per 
cent. (In these experiments, the general cultural conditions employed 
were the same as those described for the mutant strain; the wild-type 
cultures were harvested at Klett-Summerson readings of about 90.) 


The pronounced depressing action of arginine on acetylornithinase 
synthesis in the wild-type strain has a measure of specificity, since 
various other amino acids (not directly related to arginine) tested 
exhibited no such effect. 


REPRESSION AND INDUCTION IN THE REGULATION OF ENZYME BIOGENESIS 


Comments on the experiments with the acetylornithinase system. 
That the arginine supplied to the organisms (or a metabolic trans- 
formation product of arginine) antagonizes acetylornithinase forma- 
tion was clearly indicated in the experiments cited. Moreover, no 
inducing function of acetylornithine in acetylornithinase synthesis 
could be demonstrated, nor any reversal of the antagonistic effect of 
arginine. In these experiments, first- and second-phase cultivation 
of arginine-grown and acetylornithine-grown inocula of the mutant 
strain and cultivation of the parental wild-type strain were employed. 
In first-phase growth, the inclusion of various proportions of acetyl- 
ornithine in the culture medium failed to exert any detectable effect 
on the system studied, not even when relatively massive amounts of 
acetylornithine were supplied. In second-phase growth (i.e., after the 
added arginine had been consumed), the level of acetylornithinase 
produced was again independent of acetylornithine concentration over 
a wide range. In the experiments with the wild-type organisms, added 
acetylornithine and arginine could be tested under conditions when 
neither was required for growth. In this case too, acetylornithine was 
entirely inert, whereas arginine depressed acetylornithinase formation. 

These findings do not prove that acetylornithinase is not induced 
by its substrate. For example, one can imagine that, when the mutant 
strain 1s grown in the presence of a mixed supplement of arginine and 
acetylornithine, the (low) acetylornithinase level obtained (prior to 





HENRY J. VOGEL 285 


the exhaustion of arginine) is, after all, induced by the acetylornithine 
supphed. When the mutant strain is grown on a supplement of argi- 
nine only, the hypothesis that the acetylornithinase formed under these 
conditions arises through substrate-induction may be maintained only 
on the assumption that the cells can somehow produce an amount of 
acetylornithine sufficient to give the same enzyme level as that obtained 
with the mixed supplement. Any such assumed formation of acetyl- 
ornithine is not likely to occur from the added arginine by reversal of 
the normal synthetic pathway (24), since the cleavage of acetylorni- 
thine to yield ornithine is, for practical purposes, irreversible (27). 
However, it is unnecessary to postulate that acetylornithinase is 
induced by its substrate, nor indeed, by any other substance. The 
results under discussion can be explained on the hypothesis that acetyl- 
ornithinase synthesis is spontaneous (non-induced) and antagonizable 
by arginine (or a chemical relative of arginine), and that, following 
the disappearance of added arginine, the rate of enzyme synthesis 
accelerates through release from the antagonistic influence. 

As mentioned above, wild-type cells growing on a minimal medium, 
although producing arginine, synthesize acetylornithinase at levels that 
can be depressed by cultivation in the presence of exogenous arginine. 
It would seem to follow that endogenous arginine either is formed in 
quantities insufficient to give the reduction in enzyme level obtained 
with the exogenous arginine, or can be distinguished by the cells from 
exogenous arginine. Such distinctions between endogenous and exo- 
genous metabolites are known: for instance, endogenous ornithine is 
metabolized differently from exogenous ornithine by Neurospora crassa 
(2, 26) and Torulopsis utilis (2). The arginine produced by mutant 
strain 39A-23R1, when the latter is cultivated on a supplement of 
acetylornithine, presumably resembles, in the respect mentioned, the 
arginine formed by the wild-type strain. 

Repression of enzyme formation. The action of arginine on acetyl- 
ornithinase formation may be regarded as a rather specific antagonistic 
effect on enzyme synthesis of a substance following in biosynthetic 
sequence the substrate of the enzyme; in this case, the substance is 
the “end-product” of the biosynthetic sequence involved. It is readily 
seen that this action of arginine constitutes a control mechanism that 
presumably is of great value to the organism: for example, an E. coli 
(wild-type) cell, in an environment that supplies arginine, will utilize 
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this exogenous arginine*+ and at the same time will conserve its re- 
sources by sharply curtailing the now unnecessary synthesis of acetyl- 
ornithinase. . 


The regulation of acetylornithinase formation by arginine by no 
means appears to be an isolated occurrence of its kind. For instance, 
enzymes concerned with the synthesis of methionine (8, 30), trypto- 
phan (13), valine (3), and pyrimidine compounds (4) probably are 
subject to similar regulation. This type of control may thus be quite 
a general phenomenon. 


In order to facilitate further discussion, the following terminology ® 
will be used hereafter: a relative decrease, resulting from the exposure 
of cells to a given substance, in the rate of synthesis of a particular 
apoenzyme is termed “enzyme repression”; the substance thus de- 
celerating enzyme synthesis is a “represser” (“repressor”) ; an enzyme- 
forming system that can be antagonized by a represser is “repressible”’ ; 
and, under conditions of repression, the formation of the enzyme is 
“repressed.” 6 


Repression and induction. It is evident that the repression of the 
formation of a “constitutive” enzyme in response to the corresponding 
“end-product” represents a control mechanism that is complementary 
to the induction of an “adaptive” enzyme in response to a suitable 
inducer, In either case, the cell tends to form enzymes when they are 
needed, and tends not to form enzymes when they are not needed. 


The following “small-molecule” control situations with respect. to 
enzyme formation are conceivable: 


* The preferential utilization of exogenous arginine (to the virtual exclusion of 
endogenous arginine) for protein synthesis in E. coli has been demonstrated with 
isotopic competition experiments (1) ; under conditions of such preferential utiliza- 
tion, the synthesis of arginine by the cells is inhibited (6). This inhibition reflects 
an interference with the functioning of one or more enzymes already present in 
the cells. The inhibition of enzyme function operates in addition to the antagonism 
to enzyme formation, thus providing the organisms with two coacting mechanisms 
for conserving their resources, 


* This terminology is modeled after that proposed for induced enzyme formation 
by Cohn et al. (9). These authors define enzyme induction as “a relative increase 
in the rate of synthesis of a specific apoenzyme resulting from exposure to a 
chemical substance,” 


* “Repression” would seem preferable to such terms as “inhibition” or “suppres- 
sion,” which have well-established connotations in enzyme chemistry and in 
genetics, respectively. It will be noted that enzyme repression, as defined here 
includes interference of a substance with induced enzyme formation. 
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(i) indifferent enzyme synthesis (no control) ; 
(11) induced enzyme synthesis; 
(111) repressed enzyme synthesis. 
One and the same enzyme-forming system could be both inducible and 
repressible, or could be neither. Again, a given enzyme-forming system 
could be inducible, but not repressible, or repressible but not inducible. 
The latter category includes the case of acetylornithinase, as far as the 
available evidence goes. The adaptive effect obtained with the mutant 
strain used could then be termed a “repression-release” phenomenon. 

A possible mechanism of repression. It would seem reasonable to 
assume that repression of enzyme formation reflects an interference 
with the functioning of the enzyme-forming system. 

The question then arises as to the mechanism by which a represser 
(or a represser derivative), presumably of small molecular weight 
compared to that of a protein, can hamper the performance of an 
enzyme-forming system. One conceivable mechanism would seem to 
consist in the binding of a newly synthesized enzyme molecule to the 
site of its formation through the agency of the represser (or its “active” 
derivative). Such binding might block the further production of 
enzyme molecules until the enzyme-forming site affected is freed again, 
Whether or not this type of binding, mediated by a repressing sub- 
stance, would involve the “dynamic” site of the enzyme (which may 
have affinity for the “active” represser) is, at present, unknown. 

In line with such a picture of repression, the induction process could 
be regarded, at least in some instances, as comprising a promotion of 
the removal of an enzyme molecule from its site of synthesis. In 
indifferent enzyme synthesis, the newly produced enzyme would vacate 
its forming-site with neither assistance nor hindrance from specific 
small molecules. 

General biological implications of enzyme repression. In view of 
the above-mentioned utility to the cell of repression mechanisms, It 
seems warranted to assume that an organism that developed a re- 
pressible enzyme in the course of evolution thereby gained an asset, 
which under conditions of competition would have a positive selective 
value, Presumably, therefore, the selection for repressibility mecha- 
nisms constitutes a factor in evolution, and it would thus appear to 
he no accident that instances of enzyme repression can be readily 


discovered. 
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It seems quite probable that enzyme repression, like enzyme induc- 
tion, occurs in the higher forms of life. If so, the arguments advanced 
by a number of authors in support of a possible role of enzyme induc- 
tion in development, or even in differentiation, apply with equal force 
to a possible role of enzyme repression in these important biological 
phenomena. 

As discussed above, the notion that induction is not a sine qua non 
of enzyme synthesis has led to the inference that, in general, the cell 
possesses all the information required for the structure of its enzymes. 
One might imagine that much, if not all, of this information is con- 
tained in, and preserved by, the nuclear genes of the organism, no 
matter how fuzzy at the edges they turn out to be. At any rate, in 
consideration of the subject matter of this Symposium, it seems appro- 
priate to end this article with a tribute to the genetic, rather than 
to the non-genetic, powers of the cell! 


SUMMARY 


An adaptive phenomenon, which superficially seemed to reflect a 
substrate-induced formation of the biosynthetic enzyme acetylorni- 
thinase, has been analyzed. 

The adaptive effect is attributed to the removal of an antagonistic 
influence of arginine on the synthesis of acetylornithinase, rather than 
to an induced formation of this enzyme. Thus, in a variety of experi- 
ments with an acetylornithine-requiring mutant strain (which permits 
the testing of the substrate as a possible exogenous inducer) of 
Escherichia coli and with a wild-type strain of this species, an antag- 
onistic effect of arginine, but no inducing action of acetylornithine, 
could be demonstrated. 

This general type of antagonism is referred to as “enzyme re- 
pression,” in analogy with “enzyme induction.” 

Induction probably is not a sine qua non of enzyme synthesis; 
hence, the information required for the structure of enzymes and 
presumably contained in genetic material, does not appear to be sup- 
plemented through the ageney of inducers. 

Both repression and induction are viewed as control mechanisms of 
enzyme biogenesis. 

Arginine, the represser studied, is the “end-product” of the biosvn- 
thetic pathway in which acetylornithinase participates, Repressibility 
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of an enzyme, by a substance following in biosynthetic sequence the 
substrate of this enzyme, is thought to be of value to the cell involved 
and presumably is positively selected in the course of evolution. 
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DISCUSSION 


Dr. P. Bere: I would just like to ask Dr. Spiegelman what the 
shockate preparation is. Is it the pellet that you spin down after 
dilution of the protoplasts? 

Dr. SPIEGELMAN: Yes. 

Dr. Bera: In other words, the acid-soluble nucleotide fraction is 
now removed after treatment with the so-called RM mixture. 


Dr. SpreGELMAN: No. 
Dr. Bera: The supernatant is removed? 
Dr. SPIEGELMAN: Yes. The supernatant is always removed. 


Dr. Berc: What constitutes the induction mixture for the synthesis 
of DNA? 


Dr. SpreGELMAN: We need a complete mixture of amino acids, HDP, 
potassium ion, manganese and magnesium ions. In the presence of this 
they will make everything that I have indicated: protein, RNA, 
and DNA. 


Dr. Berc: What then is the source of the nucleotides for RNA and 
DNA synthesis since you show that most of the nucleotides remain in 
the supernatant after this treatment? 


Dr. SPIEGELMAN: Well, they are making them. 

Dr. Kornsperc: How can they make more DNA? 

Dr. SPreEGELMAN: I don’t understand. 

Dr. Kornsera: What is the source of the deoxynucleotides? 


Dr. SPIEGELMAN: They are presumably synthesizing them from 
material they have or what we are supplying. I should like to note 
that a supply of amino acids is essential for extensive DNA synthesis. 
However, in the absence of amino acids, some DNA formation occurs 
if desoxynucleotides are provided. I should like to emphasize again 
that we don’t have here an isolated enzyme. Our preparation is 
hardly in a state to suit the needs of the biochemist seeking to unravel 
the intermediate details of DNA synthesis. 


Dr. CHarcarr: I have one question for Dr. Spiegelman and one for 
Dr. Allfrey. I refuse to use the shocking word shockate, and would 
prefer to use the word micromush. When you get DNA synthesis or 
RNA synthesis, do you look at the sugar reactions, or do you look at 
the spectrum? Do you have enough bases in your preparation to put 
them back into the nucleic acid, or do you simply get a polyribose 
derivative? ; 

Dr. SpreGELMAN: I mentioned the fact, I think, that we measure the 
absorption spectrum of the material synthesized after hydrolysis. Let 
me describe it. We do an acid precipitation after the synthesis is over. 
A 30° C. alkaline hydrolysis is then performed and the DNA precipi- 
tated from this digest. The precipitate is then hydrolyzed with hot 
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5A re 1A ¢ } y 7 a 
0.5N perchloric acid and UV absorption performed at 260 and 290 my. 
The values are then compared with analysis of the same material, 
using Burton’s modification of the Dische reaction. 


Dr. Cuarcarr: You see, there are some very characteristic spectro- 
scopic changes when you go from a mixture of nucleotides to a poly- 
nucleotide. For instance, there is a very marked decrease in the 
extinction. This will be, in a way, the test of polymerization. Alto- 
gether there are very marked spectroscopic shifts. One can’t really 
speak of synthesis unless one has this kind of information. 

Dr. SprrceELMAN: We can’t have this information on this system. 
There is too much interfering material. However, we make milligrams 
of this material and isolate and analyze the product made. It seems to 
me that this provides much more direct evidence of its nature. 


Dr. CuarGaFr: I would like to ask Dr. Allfrey a simpler question. 
You had a slide on the effects of ordinary alanine compared with C14 
alanine showing that the nuclei after centrifugation could still go on 
and incorporate it. I was wondering, if you have C™ alanine and get 
an increase in incorporation (increasing counts), shouldn’t we expect 
that if you have the unlabeled alanine you will get a decrease in 
incorporation, because presumably the nuclei cannot differentiate 
between the isotopic and the non-isotopic amino acids? I noticed that, 
after labeling, in one case the C14 went up in the continued presence 
of isotope, but, in the presence of C!” alanine, the label was almost 
stationary, instead of going down in a symmetric fashion. 

Dr. ALtuFrrey: The reason is this: In the operation of that experiment 
the technique will allow the uptake to proceed for 60 minutes; then 
we remove the C!* alanine or other amino acids which may have been 
used. At that point we add an excess of C?? alanine, so that in the 
usual experiment there is no further chance for incorporation. You 
can show that these nuclei can still take up isotopes, so to do that at 
60 minutes you give this group a fresh dose of the C14 isotope, and so 
uptake proceeds again in this case. As I understand it, you are asking 
if in the case where you add C" after 60 minutes it goes up, why in the 
case where you add the unlabeled amino acid it does not go down. The 
reason is that, for one thing, it is a tracer experiment and you take up 
minute amounts of unlabeled isotope, which isn’t going to change the 
level of the isotope in the protein. The other thing is, of course, that it 
is not a reversible system, which is the main point of the experiment. 

Dr. Ocuoa: I would like to ask a question. Dr. Spiegelman’s 
shockates have shocked me more than they shocked him. I can’t help 
being shocked when I hear that the Ochoa mixture and the Ochoa 
enzyme nullify themselves. Now, Sol, the question is: Did you use 
resolved cell fragments in that experiment where you showed increase 
of all of the components—DNA, RNA, and protein on addition of the 
polynucleotide phosphorylase digest of RNA? Were they resolved by 
the RM treatments? 
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Dr. Ocuoa: Your synthesizing medium contains no added bases’ 


Dr. SPIEGELMAN: No. 


Dr. OcHoa: You think the system may be synthesizing the bases 
from scratch? 


Dr. SPIEGELMAN: Yes, to a certain extent. 


Dr. Bera: I would like to make one comment on Dr. Allfrey’s talk 
concerning the amino acid incorporation into nuclei proteins. It seems 
to me that one of the points we should discuss concerns the criteria of 
alkali lability and a ninhydrin reaction which are being used to estab- 
lish whether this is an incorporation into a peptide structure. I don’t 
know how valid these two criteria are for actually establishing whether 
this is incorporation into a protein. One could argue from the data 
that have been presented that this is linkage of amino acid with DNA 
—not that this would be uninteresting by itself. However, the point 
is that one of the criteria which must be used is to actually isolate 
polypeptide structures, dipeptides or tripeptides showing that the amino 
acid is incorporated in such a linkage rather than just using the criteria 
of alkali lability and reactivity with ninhydrin. 


Dr. Aturrey: I thought I had made the answer to that in the course 
of the talk. You see, they were introduced as criteria for incorporation 
into the total protein, but subsequently to that we isolated these pro- 
teins, such as the lysine-rich histones and the arginine-rich histones. In 
those cases, we found that the amino acid present, like lysine, was 
actually in the protein. Now, there is another point. Could it be 
absorbed on the DNA? Even when we were making the total protein 
from the nucleus we were sure to get rid of all of the nucleic acid. 


Dr. Levintuat: I have a question for Dr. Spiegelman. Do you have 
any evidence or any data for the kinetics of the increase of total 
absorption at 260 mp in your incubation mixture? 


Dr. SprecELMAN: Yes. I do. I have separate figures for DNA, RNA, 
and protein. I can sum them. I have never done that. It seems to me 
that a chemical analysis is superior to a UV absorption at 260 mu. 


Dr. Nason: I have a question for Dr. Allfrey concerning the possi- 
bility of incorporation vs. protein synthesis. Is it possible, in view of 
the extremely small amount of incorporation of Cl compared to the 
very high endogenous protein in your nuclei, that now after you 
removed C1 and provide the C!2 you don’t detect any appearance of 
C'* in the medium as a result of further change because of the great 
dilution effect in the nucleus itself? The second question is to. Dr. 
Spiegelman. On the first slide on which you used the term shockate, the 
fourth shockate showed a loss of about 80% of its RNA, and yet your 
enzyme formation had gone up continually. Did I read that correctly? 


Dr. SPIEGELMAN : Did you look at the ratio between RNA and pro- 
tein? You always have to look at ratios here, not at absolute numbers. 
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Dr. Nason: But in your control you go from an absolute number of 
314 to 70 with respect to RNA. 


Dr. SPIeGELMAN: You are talking about comparison of various 
shockates. You see, in that 1 to 4 shockate I have 200 gammas of 
protein and 70 gammas of RNA. In the 1:3 shockate I have 340 
gammas of protein and 123 gammas of RNA, so that the relative 
content of RNA does not differ very much between a 1 to 3 and a 1 
to 4. The big difference comes in the 1 to 5 shockate, where you have 
only 4 gammas of RNA and 179 gammas of protein. 


Dr. ALLFREY: In answer to your question about exchange, I don’t 
think that the objection that you raised fits into this argument, because 
we did not measure the release of isotope into the medium after the 
uptake had occurred, but rather what we did was to measure the 
retention of isotope in the insoluble protein. 


Dr. Hoacianp: I would like to say a word about the microsomes. 
The group at Massachusetts General Hospital has described a liver 
system containing microsomes, supernatant, ATP, GTP, and labeled 
amino acids which produces incorporation of the labeled amino acids 
into the microsome protein. This incorporation into the microsomes 
is very rapid and is initially more rapid than in any other fraction, 
including the nuclei. Littlefield and Keller in our laboratory have 
recently shown that ribonucleoprotein particles received from the 
microsomes of mouse ascites tumor cells have the capacity for incor- 
porating amino acids at a rapid rate into their protein structure, and 
these particles, as they prepare them, have about 50% RNA and 
50% protein. Furthermore, in relation to the importance of the super- 
natant fraction in this process, we have recently been studying the 
activation enzymes of which, as Dr. Spiegelman pointed out, there may 
be one in number for each amino acid activated prior to incorporation. 
These enzymes are separate from the microsome fraction. It looks as 
if there is a nucleotide associated with these activating enzymes and 
we are trying to identify it. Dr. Lipman, who has recently prepared 
in high purity a tryptophan-activating enzyme, has also found a firmly 
bound nucleotide associated with the enzyme. I mention these matters 
because I think there is much to be said for a system in which one can 
make such progress in more clearly defining the actual nucleotide and 
enzyme requirements for irreversible incorporation of labeled amino 
acids into ribonucleoprotein particles, a process which we now feel 
safe in calling protein synthesis. 


Dr. Karuan: Dr. Allfrey, you say that with your particle the incor- 
poration of amino acids is abolished by dinitrophenol and other factors. 
Do you think that the nucleus itself is carrying out oxidative 
phosphorylation? 

Dr. AtLFrrey: I didn’t have time to go into that, but we have very 
good evidence indeed that the nucleus is carrying out oxidative phos- 
phorylation. We have shown that you do get ATP synthesis in isolated 
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nuclei, and it is not inhibited by a number of inhibitors which do block 
ATP synthesis in mitochondria. 

Dr. R. Witi1AMs: What is the relative magnitude of the amount of 
incorporation of amino acids in the case of isolated nuclei, compared 
with what these nuclei would have assimilated in the same length of 
time in the intact cell? Have you done the experiment the same way 
with intact cells? The same question, I think, applies to the protoplast 
compared with the intact megateriwm. 

Dr. Autrrey: In our experiments comparing nuclei with tissue slices 
or minces the nucleus is either just as active as the whole cell or 
perhaps half as active. 

Dr. Horcnkiss: I would like to ask Dr. Spiegelman to clarify one 
point. The synthesizing medium sounds so much like the resolution 
medium that I would like to know what turns on the synthesis. 

Dr. SPIEGELMAN: We substituted chloride for phosphate and added 
HDP in the synthesizing medium. 

Dr. Porter: I would like to comment on the iconoclastic position 
of Dr. Spiegelman. I think that it detracts somewhat from the extreme 
scientific interest of your presentation. I think when a fellow is 
iconoclastic he should state which particular prophets he is counter- 
manding. I found nothing particularly novel in the concepts that were 
presented, but I thought the data were extremely interesting. 


Dr. SPIEGELMAN: Dr. Potter, at the present time I see no point in 
following any other prophets than the data. 


Dr. Brera: I would like Dr. Allfrey to state explicitly the experi- 
mental operation involved in showing the leakage or non-leakage from 
the protein that had already incorporated label—that is, what did you 
do to show that the label remained in protein? Did you make an acid 
precipitation, or did you spin down the nuclei, wash them, measure. 
and so on? 


Dr. Auirrey: Oh, no. Nothing of the kind. After the uptake had 
occurred, the nuclei are spun down and washed exhaustively with 
trichloroacetic acid. Then the nucleic acid is removed with hot TCA: 
then the lipids are removed; then we wash again; and then finally we 
have a protein residue that we assay. ; 

Dr. M. Green: Dr. Allfrey, you said that your criterion for protein 
synthesis was that you isolated labeled protein from the nuclei. Did 
you employ this criterion in your experiments with reconstituted nuclei 
—that is, where you added either DNA or degraded DNA or RNA, and 
got an increase in the incorporation of isotopic amino acid? 


Dr. Autrrey: In those experiments we did not isolate proteins after 
uptake had occurred; but we did see whether isotope, once incorporated 
did exchange; and it did not. . 


Dr. Berc: There is one comment about the degradation of EB. coli 


RNA and yeast RNA which Dr. Spiegelman used to prepare the diphos- 
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phates. A purified preparation of polynucleotide phosphorylase from 
£. coli prepared by DiHaver and Kornberg does not appreciably 
degrade purified RNA. It appears to degrade only the polymers which 
it makes. In this particular case you have used a similar £. coli 
enzyme to generate and manufacture the nucleoside diphosphates. 

Dr. SPIEGELMAN: We used an enzyme prepared according to a pro- 
cedure devised by Razell of Illinois and a highly purified preparation 
kindly supphed by Dr. Uri Littauer of Kornberg’s laboratory. Our 
substrate was commercial yeast RNA which was not highly polymerized. 

Dr. Bere: As I understand it, the #. coli and the Azotobacter poly- 
nucleotide phosphorylases enzymes do not significantly degrade yeast 
RNA or their own natural RNA. 

Dr. OcHoa: Dr. Heppel has rather recent data indicating that the 
Azotobacter enzyme can bring about the phosphorolysis of one of the 
virus RNA’s—I think it was the turnip yellow mosaic virus—and also 
very recently the phosphorolysis of Allen’s preparation of yeast RNA, 
so it does seem to act on some RNA’s fairly well. 

Dr. SPIEGELMAN: I might add that we did isolate the diphosphates— 
the 7-minute material—and it goes up after the digestion with enzyme. 

Dr. Bera: I didn’t question that. I think it’s an important point, 
because it may provide a way for producing nucleoside diphosphates 
enzymatically from a readily available source. 

Dr. Hoeness: I would like to ask Dr. Spiegelman a question. In 
cases where you regenerated activity of the shockate by the addition 
of ribonucleoside diphosphates, what was the percentage of regeneration? 

Dr. SPIEGELMAN: It was 100% where it worked, but if the shockate 
is too highly resolved for RNA, diphosphates won’t work and we 
don’t know why. At present the implications are that the systems have 
to have some intact RNA to respond. 

Dr. Smiru: I was wondering whether the DNA synthesized in your 
system has the composition of that of the normal bacteria. 

Dr. SpreceLMAN: I don’t know. 

Dr. VoLxkin: I would like to ask Dr. Allfrey whether this inecorpora- 
tion represents a de novo synthesis of intact protein or if the labeled 
amino acid might be attached just as an end group on preformed 
protein. 

Dr. Autrrey: I can’t give you a positive answer either way on it. 
The only way to prove it would be to show that new protein is syn- 
thesized, and we haven’t done it. All that we have shown is that the 
label goes in and stays there. 

Dr. HoaciaNnp: In the microsome system, the label is incorporated 
into the protein molecule and can be demonstrated to occur in peptide 
fragments obtained by partial acid hydrolysis (J. Cell. and Comp. 
Physiol., 47, supplement 1, May 1956). The labeled amino acid is not 
just terminal, but substantially exists within the protein structure. 
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Dr. Loomis: I would like to ask Dr. Allfrey what the highest P/O 
ratio is that he has obtained with nuclei. 

Dr. ALLFREY: I can’t answer that. All of that work was done by 
Dr. Osawa in our laboratory, and he is much better qualified than I 
to answer that question. 

Dr. Dounce: I would like to ask Dr. Spiegelman whether his results 
have not effectively ruled out the use of RNA and DNA as information 
carriers. If you take out both the RNA and the DNA and then replace 
with the Ochoa digest you have no information carrier left. 

Dr. SPIEGELMAN: In none of our preparations have we ever removed 
all of the RNA. As soon as 50% removal is reached, you lose the ability 
to synthesize DNA and protein. I might add that obviously the DNA 
that is synthesized in these preparations can, of course, be nonsense 
DNA. What we need, then, is a test for the biological specificity of 
the DNA. The base ratios will certainly be important, but obviously 
not decisive. To test for the biological specificity is going to be a rather 
dificult job, because genetic recombinations of any type are virtually 
unknown in B. megateriwm. It was for this reason that we were very 
happy to learn by personal communication from Dr. Lederberg and 
Dr. Zinder that protoplasts can be made from EF. coli. We have 
employed Dr. Lederberg’s procedure to prepare protoplasts of FE. coli 
and derived shockates from them which retain considerable enzyme 
synthesizing ability. We hope that with them, or with the very closely 
related Salmonella system, we will be in a position to test whether 
genetically competent DNA is being synthesized. 
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INVESTIGATIONS OF THE action of ionizing radiations on transforming 
factors of pneumococcus have been undertaken with the hope of deter- 
mining the dimensions of the biologically active particle (1, 2,3). At 
the outset, the method would seem particularly suitable in view of 
the fact that with small viruses, the radiation-sensitive volume is 
opserved to be in close agreement with particle size, as estimated from 
sedimentation and electron microscope studies (4). This is to say that 
an ionization occurring anywhere within the particle has a high proba- 
bility of destroying its biological activity. DNA particles are of the 
same order of size as small viruses, and would seem, from the point of 
view of size, to be as favorable a material for the application of 
radiation methods. 

However, investigations pursued in my laboratory during the past 
few years with the assistance and collaboration of several colleagues 
have led to the conclusion that the target theory in any simple form 
is inapplicable, in so far as the inactivation of the streptomycin- 
resistance transforming factor of pneumococcus is concerned. It 1s 
concluded that the transforming factor is a complex target, and that 
this accounts for its complex inactivation behavior. Because of the 
special role which DNA is generally believed to occupy in genetic struc- 
tures, it seems worthwhile to summarize the principal results obtained, 

The validity of inactivation experiments resides first of all in the 
validity of the methods employed for titration of activity. Conse- 
quently, problems of quantitation of transforming activity will be 
discussed in some detail before turning to the results of the inactivation 
experiments. 
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I. QUANTITATION OF TRANSFORMING ACTIVITY 


Schematically, two reactants are involved: r active, or competent, 
bacteria, and DNA particles endowed with transforming activity. One 
of the reactants, the competent bacteria, is highly unstable, the com- 
petent state lasting, on the average, about 15 minutes per bacterium 
(5, 6). The other reactant, the transforming DNA, presents the com- 
plication of being impure, in that along with molecules bearing the 
selective marker there is an unknown number of molecules which lack 
the selected marker, but which bear, presumably, other kinds of specific 
transforming functions. The development of effective titration methods 
requires that these special features be taken into consideration. 

It is now evident that the pattern by which competence develops is a 
function of the species of bacterium, and of culture conditions (5, 6, 7). 
The conditions employed in the experiments to be described lead to an 
almost synchronous development of competence by a large but inde- 
terminate proportion of the population, during exponential growth of 
the culture. Since competence lasts only 15 minutes, one observes, as 
a function of time, a tremendous fluctuation in the numbers of cells 
which can be transformed for a particular marker. In the space of a 
single generation (30 minutes), the number may pass from zero to 10° 
and drop back to ten or a hundred, in a culture containing 5 x 10° 
bacteria. A second wave of competent cells usually appears on the 
heels of the first. 

In such synchronized cultures, the reaction between bacteria and 
DNA can be performed in two ways: 

(1) At a moment when a growing culture contains many competent 
bacteria, the culture may be chilled and samples transferred rapidly to 
a medium containing measured amounts of the DNA to be assayed. 

(2) Bacteria and the DNA to be assayed can be mixed in the culture 
medium at the outset, and the cultures incubated long enough to go 
through one or more cycles of competence. In each instance, time is 
then allowed for phenotypic expression, and the reaction mixtures are 
assayed on selective media. However the reaction is carried out, 
replicates give results as accurate as the plating method itself. The 
second method gives higher numbers of transformed cells per unit 
weight of DNA, since the number of competent cells involved is always 
greater than in the first method. With either titration technique, low 
concentrations of transforming DNA yield transformed cells in pro- 
portion to the amount of DNA added. 
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The utility of the first method is limited owing to the evanescence 
of the competent state. Even though a culture containing competent 
cells be chilled to 2-3° C., if more than five minutes elapse between 
pipetting the cells into the first and last samples of DNA to be assayed, 
the numbers of competent cells will undergo significant change. It is 
thus not possible to assay more than 20-30 DNA samples at a time. 
Consequently, in practice, the second method, or some variation of it, 
must be used where large scale work is envisaged. It is the second 
method which has been used in the inactivation work. 

On the other hand, kinetic work is best carried out with method 1, 
which offers the great advantage of being a reaction which is self- 
limited in time. Bacteria which are competent at the moment of 
transfer either react or cease to be competent within a few minutes 
after transfer. Bacteria which were not competent at the moment of 
transfer will not become so for the duration of the experiment (6). 

Using method 1, it has been shown that a given amount of DNA 
transforms a fixed proportion of the total number of cells which may 
be transformed for a particular marker. This is to say that the absolute 
number transformed depends on both the amount of transforming 
DNA and on the number of competent bacteria introduced into the 
reaction (6). This relation holds provided culture conditions are 
absolutely constant, but since in practice each lot of medium is unique, 
the proportion of the transformable population transformed by a given 
amount of DNA varies from one lot of medium to the next. Nonethe- 
less, with relatively few assumptions it has been possible to formulate 
a quantitative description of the limiting reaction in transformation, 
which seems to be bimolecular, and to involve a unit mass of DNA (6). 

An assay of partially inactivated samples sometimes requires work- 
ing at DNA concentrations approaching the non-linear portion of the 
curve relating numbers transformed to amount of DNA added. Con- 
sequently, an investigation was undertaken of the reaction at high 
DNA levels (8). The results obtained introduce considerable compli- 
cation. As the concentration of DNA is augmented beyond concen- 
trations yielding proportional numbers of transformed cells, a first 
plateau is observed which is not really asymptotic. Usually, there 
is a slight decrease in the incidence of transformation, followed by a 
second upswing, which in certain experiments again attains propor- 
tionality. Finally a second plateau is attained. This is seen in Fig. 1, 
in which the results of three different experiments are shown. The 
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Fic. 1. Curves relating transformations induced to DNA concentration, at high 
levels of DNA. 2 ml. of culture containing competent bacteria are added to 
0.2 ml. of the DNA solution. The culture containing the 10~1 dilution of the 
stock solution has a DNA content of about 50 ug./ml. A, B, C, three different 
experiments. 
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curves observed vary, but their similarity is always apparent. It is 
possible that this complex situation is a result of special conditions 
prevailing in my own laboratory, but it may be noted that curves 
published by others (9, 2) definitely suggest that a similar behavior is 
to be observed under the conditions employed by them. Almost none 
of the titration curves published thus far have a form compatible 
with the simple saturation of competent bacteria by transforming 
agent. Thomas, on the other hand, who observed a simple plateau in 
experiments done in my laboratory (4), was working under conditions 
in which rate of transformation was very low, and this might explain 
why he failed to detect the complex nature of the titration curve. 

It is most desirable to understand the reasons for the complexity of 
titration curves, in order to perform quantitative experiments in 
security. The most likely cause of complex behavior was suspected to 
be the heterogeneity of the transforming DNA, and accordingly experi- 
ments were devised in which this heterogeneity was deliberately 
increased in a known fashion. This was done by adding to the DNA 
extracted from the streptomycin-resistant strain, known amounts of 
DNA prepared from a pneumococcal strain which lacked the marker. 
Fig. 2 shows the results of such an experiment. The following points 
can be noted: 

(1) The numbers of transformed cells observed at both the first and 
second plateaus are decreased roughly in proportion to the increased 
numbers of unmarked DNA particles present. 

(2) The first plateau sets in at lower concentrations of the §, trans- 
forming factor; that is, it sets in as a function of the total amount of 
DNA in the system. 

These results suggest the following interpretation of the titration 
curves: 

That the first break in the curve occurs when bacteria are beginning 
to react with more than one unit of DNA, and is due to a marked 
inhibition of transformation in bacteria which have so reacted. 

That as multiplicity augments, inhibition is reversed in those bacteria 
which have reacted with a great enough number (or perhaps variety) 
of DNA units. 

Finally, that a second break occurs because either the number of 
units of DNA a bacterium can absorb is limited, or the probability 
of acquiring the right varieties is low. This being granted, the actual 
titration curves observed for a particular marker are only a reduced 
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Fic. 2. Curves relating transformations induced to DNA concentration. at high 
DNA levels, and in the presence of competing DNA. Experimental details as 
in Fig. 1. 


image of the total events. Absolute values will be limited in the linear 
portion of the curve by the proportion of DNA units bearing the 
marker and by the total number_of competent cells, and in the non- 
linear portion by the intensity of interference and the number of 
DNA units a bacterium can absorb. 

Justification of this interpretation can be found in the work of 
Hotchkiss (5) and Hotchkiss and Marmur (10), who have established 
beyond doubt the reality of interference. Further supporting evidence 
has been obtained by myself and Dr. Furness, in experiments employ- 
ing a DNA containing two markers: resistance to streptomycin and 
to canavanine (8). In this instance, the numbers of bacteria acquiring 
one or both markers are determined. From the curve for single trans- 
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formations, the position of the plateaus can be determined. Assuming 
that the two markers are unlinked, doubly transformed bacteria should 
appear when the probability of two effective hits becomes high. Exxperi- 
ments show that in practice doubly transformed bacteria cannot be 
found until DNA concentrations are reached which yield the first 
plateau for singles. This, then, strongly supports the idea that the first 
plateau sets in when the probability of two hits becomes high. There 
is, however, one difficulty. Can one be sure that the two markers 
are unlinked? Interestingly enough, when doubly transformed cells 
make their appearance, their numbers appear to increase almost pro- 
portionally with DNA concentration. A linear increase would be 
expected from two factors linked on a single particle, but not for two 
independent factors. However, it is precisely at these concentrations 
of DNA that inhibition of transformation has been invoked to explain 
the existence of the plateau for single transformations. A linear 
increase in doubles would be compatible with location of the markers 
on two separate particles if the inhibition is sufficient to change an 
exponential increase into a linear one. A definite proof was needed as 
to whether or not two particles were involved. 

This proof may be obtained in the following way. It has been shown 
that in the region of the first plateau the effect of competing DNA is 
to decrease transformations approximately in proportion to the 
increased heterogeneity of the DNA. Where two particles are involved, 
doubles should be decreased in proportion to the square of the decrease 
in singles. Too few experiments have been performed to say whether 
the reduction is exactly proportional to the square, but results definitely 
show that the reduction is near this level. The figures shown in Table 
1 can be cited in evidence. 

It seems most likely that the two factors are located on separate 
particles, and consequently, that the interpretation proposed to explain 
the titration curves is a valid one. It may be added incidentally that 
interference experiments would seem to provide the most direct test for 
linkage of two factors, involving the fewest assumptions and the 
least work. 

In any event, it is clear that the non-linear region of the titration 
curve cannot be considered to follow the behavior of a typical bimolecu- 
lar reaction. Nor can the mechanisms operating involve a simple com- 
petition for a site in the bacterium. In view of the importance of 
multiplicity in determining lysogeny and transduction in Salmonella, 
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TABLE 1 


The effect of competing DNA on single transformations to streptomycin resist- 
ance and doubles to canavanine and streptomycin resistance, induced by a trans- 
forming DNA prepared from a doubly marked strain. Control: the transforming 
DNA acting alone. Experimental: the transforming DNA in the presence of 
competing DNA which lacks the markers. 
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it is worthwhile to speculate briefly on the possible nature of inter- 
ference between transforming factors. The explanation which a priori 
seems most intelligible is that the observed kinetic behavior is an 
expression of the well-known phenomenon of genic imbalance: that 
when a bacterium has acquired one molecule of DNA, genic disequili- 
brium is relatively slight, but as second, third, and fourth molecules 
enter the cell, such a disturbance is created that the transformed cell 
fails to transform, or even dies. Genic balance would be restored in 
those cells which pick up enough different molecules so that something 
approaching a complete set of genetically distinct molecules is attained. 
Such an hypothesis implies that whether or not a molecule is integrated 
into the genome, it exerts a physiological action in the cell. This is not 
difficult to admit in view of the experiments of Stocker on abortive 
transductions (11). Integration into the genome may express only an 
attachment to a centromore-like structure, and be quite beside the 
point in so far as physiological action or even DNA duplication is con- 
cerned. The hypothesis further leaves open the possibility that differ- 
ently marked DNA molecules -may unfavorably affect the cell to 
different extents. Data with canavanine resistance as a marker sug- 
gest, in fact, that the first break in the titration curve occurs at slightly 
higher DNA concentrations than for streptomycin resistance. This could 
best be explained by assuming that the imbalance is in part a function 
of the qualities of the molecules absorbed. Finally, according to this 
hypothesis, the degree of multiplicity required for interference to dis- 
appear would be a function of the number of different types of DNA 
molecules present in the pneumococcal cell, This multiplicity is of the 
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order of ten. But it would not be fruitful at present to try to calculate 
the number of different molecules involved on the basis of this figure, 
for too many assumptions are involved. 

In connection with this hypothesis that imbalance can be created by 
excess DNA, it is interesting that several lines of evidence lead to 
the idea that bacterial viruses contain more DNA than is required to 
transmit the genetic information needed for virus synthesis. This has 
been suggested by Levinthal, for phage T2 (12); by Luria, for those 
phages in which host-induced variations are found (13); and by 
Zinder, for transducing phage (14). Were the uptake of a certain 
quantity of DNA to lead to genic imbalance, the “extra” DNA of 
phages could be ascribed a very important function, namely, that of 
creating a disturbance of the host cell which would be favorable to the 
infective process. On the other hand, the amount of “extra” DNA may 
play a decisive role in determining the establishment of lysogeny. 
Those phages which have either very little or very much “extra” DNA 
along with their virus DNA will tend to be lysogenic rather than lytic, 
owing to the slightness of the genic imbalance they created. That this 
“extra”? DNA need be of the right specificity would account for the 
non-genetic host-induced modifications described by Luria. It is the 
utility of this hypothesis which has made it attractive enough to 
present here in this symposium, in spite of the lack of direct evidence 
to support it. 

Turning now to the problem of the quantitative estimation of the 
inactivation of transforming agents by diverse treatments, we see 
clearly that inactivation, whatever its nature, results in an increased 
heterogeneity of the DNA solution. In addition to the inherent 
heterogeneity, there are inactivated molecules, and in some instances 
fragments of molecules, which will be exerting their effects. The active 
particles will thus comprise much less of the total mass of DNA, and, 
what may be more critical, may be reduced to a very small proportion 
of the total number of particles. It is necessary to determine whether 
interference sets in as a function of the mass of DNA absorbed by the 
bacterium, or as a function of the particles of DNA absorbed, more or 
less irrespective of the mass of each individual particle. 

To test this point for the irradiation experiments to be described, a 
highly irradiated sample of transforming DNA was prepared, and a 
curve established relating transformations induced to DNA concen- 
tration. This curve is compared with a simultaneous titration of 
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Fic. 3. Comparison of titration curves obtained with x-ray inactivated and 
control samples of DNA containing the streptomycin-resistance factor. The fine 
line gives the slope expected from a linear relationship between amount of DNA 
and numbers of transformations. White circles: control; black circles: irradiated. 
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unirradiated DNA. The results of an experiment are shown in Fig. 3. 
Although the DNA has received a very strong irradiation, so that only 
3 to 4 per cent of activity remains, linear results are obtained at low 
DNA concentrations, and the first plateau sets in approximately as in 
the control. If there is a difference, it is in the direction of a less sharp 
break in the curve on the irradiated material. 

These results are compatible with three interpretations. Either the 
plateau sets in as a function of the total mass of DNA in the titration, 
or no fragments are formed by the x-rays, or the fragments formed do 
not contribute to the interference phenomenon. Since in all likelihood 
fragments are formed, it can be concluded that either inhibition is 
predominantly a matter of the mass of DNA absorbed, or that the 
fragments formed are inactive. It is clear that in x-ray inactivation 
work, titrations can be set up taking into account that it is the mass of 
DNA added which determines whether the results will be linear or not. 
This has been done in the experiments now to be reported by estab- 
lishing in each experiment that the scale of concentrations of DNA 
employed does not exceed the limiting concentration, as determined on 
the control DNA. In addition, in the most heavily irradiated samples, 
titrations were performed at two levels of DNA, in order to be certain 
of the linearity of the titration of the most irradiated samples. 


II. QUANTITATIVE RADIATION STUDIES ON THE STREPTOMYCIN- 
RESISTANCE FACTOR 


One of the striking properties of the streptomycin-resistance trans- 
forming factor is its extreme sensitivity to the free radicals formed in 
water during irradiation (3). This sensitivity is revealed by the fact 
that the addition of organic matter to the solution of transforming 
DNA gives only a partial protection from indirect effects. It is neces- 
sary, for the determination of the radiation-sensitive volume, to exclude 
inactivation due to indirect effects, but it is extremely difficult to know 
when this has been completely accomplished. In the experiments to be 
described, irradiation in the frozen state has been employed in order 
to eliminate, in so far as possible, the action of free radicals. When 
the DNA solutions are frozen during irradiation, inactivation curves 
are identical irrespective of the amount of protective substances added, 
and yield the smallest radiation-sensitive volume (15). At worst, this 
volume is in error by being still too large, to the extent that free radicals 
are still causing some inactivation. The extreme sensitivity of the 
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transforming factor to indirect effects is doubtless a consequence of 
the enormous surface which the DNA molecule offers for chemical 
reactions with the solvent phase. 

In the experiments to be described, irradiations were performed under 
two conditions. The S'-containing DNA is diluted in 1 per cent Yeast 
Iixtract (Difco) and irradiated (a) in the liquid state, where 90 per 
cent of inactivation is due to secondary effects; or (b) in the frozen 
state, where most if not all inactivation is due to direct hits. 

Irradiation in the frozen state is used where the radiation-sensitive 
volume is to be determined, and in the liquid state where regions of low 
survival are to be examined. The latter expedient is chosen in order 
to avoid the very long exposures which would otherwise be necessary 
were all irradiation done on frozen material, for in unfrozen material 
inactivation is ten times faster than in frozen. 

An example of the first kind of curve is seen in Fig. 4; of the second 
in Fig. 6, A. 

When the disappearance of transforming activity is studied as a 
function of radiation dose, one observes first an exponential drop in 
activity, followed by a break in the curve which sets in when between 
5 and 10 per cent activity remains (see Fig. 4). The break in the 
curve is due to the presence of highly resistant residual activity. It is 
difficult to determine precisely the sensitivity of this resistant residual 
activity, owing to the limitations of the titration system, and owing 
to the complication of using such high doses of x-rays. This activity 
seems to be about ten times more resistant to the radiation than that 
which disappears in the first, exponential part of the curve (15). Curves 
of this type have been observed both for ionizing radiations (2,3) and 
for ultraviolet light (16). A similar curve may also be obtained with 
succinic peroxide, a substance having a radiomimetie action, as an 
inactivating agent (17). The bulk of all of this work has been per- 
formed on the streptomycin-resistance factor, but Marmur and Fluke 
(3) have investigated the mannitol-utilization, the penicillin-resistance, 
and the sulfanilamide-resistance factors as well. 

Confining interest first to the exponential portion of the curve. it 
must be stated at the outset that considerable difference exists in the 
rates of inactivation observed in different investigations (1, 2. 3). 
Inactivation doses have been found which are compatible with moleeu- 
lar weights ranging from 7 < 10° to 2-6 < 10°. Owing to the extreme 
sensitivity of the transforming agent to indirect effects, it is likely 
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that the smaller value is more nearly correct. Accepting for the moment 
the smaller value, it should be noted that it is ten times smaller than 
the molecular weight attributed to pneumococcal DNA (Doty, 1955). 
If we assume that every ionization is effective we must also assume 
two sizes of units in transforming DNA, viz., molecules having a mean 
molecular weight of 7 < 10°, and the S'-transforming factor having a 
radiation-sensitive volume of not more than 7 * 10°. There would be 
two obvious ways of visualizing these two units. The S' factor could be 
a smaller particle than the average, or it could be located on a large 
particle, most of the structure of which is not concerned with the trans- 
forming activity. According to the second hypothesis, any potentially 
inactivating event occurring outside of a particular region of the 
molecule would cause no inactivation, and consequently, the radiation- 
sensitive volume would be smaller than particle size. 

Turning now to the resistant residual activity, there are several situa- 
tions that might be responsible for it. The more obvious are the 
following: 

(a) owing to indirect effects, when a certain percentage of inactiva- 
tion is reached, the already inactive particles may exert a protecting 
effect on those remaining active; 

(b) there may be a genetically distinct x-ray-resistant S* factor 
present; 

(c) activity may be associated with two sorts of particles, having dif- 
ferent sensitivities to x-rays, ultraviolet light, and succinic peroxide; or 

(d) aggregates, requiring very many hits, are present. 

The first explanation is excluded by the fact that irradiations performed 
on very dilute DNA solutions give these broken curves (0.0001 per 
cent). The amount of DNA present in such cases is so small in 
comparison with the amount of protecting substances added that it 
cannot be the DNA which determines the curve. Also, this hypothesis 
could not explain the results obtained with ultraviolet light. 

The second explanation was eliminated by preparing transforming 
DNA from bacterial clones derived from cells transformed by DNA 
subjected to heavy irradiation. The DNA “clones” derived from 
activity surviving irradiation have inactivation characteristics identical 
with those of the “parent” DNA (2). 

There remain the last two hypotheses. 

Hypothesis c. Were the residual resistant activity associated with a 
distinctive particle, it might be supposed that fractionation of trans- 
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forming DNA by the method of Brown and Watson (18) would yield 
materials having different x-ray inactivation properties. This possi- 
bility has been examined by irradiating two fractions obtained from 
an experiment performed by Dr. G. L. Brown of King’s College. One 
fraction had a high guanine content and a high specific activity, while 
the second had a lower guanine content and a low specific activity. The 
results of an experiment (Table 2) indicate no significant difference 


TABLE 2 


Destruction of transforming activity in two fractions of pneumococcal DNA 
prepared by Dr. G. L. Brown. Fraction 9 is rich in guanine and has a high 
specific activity. Fraction 30 is guanine-poor, and has a low activity. X-ray 
inactivation is under conditions of indirect effect. 




















Irradiation Per cent residual transforming activity 
dose 
rao 102 Unfractionated Fraction 9 Fraction 30 
25 46 36.4 40.6 
50 21 13.4 24.3 
75 13.8 9.4 14.6 
100 10.2 6.61 5.4 
150 — 3.9 3.4 
200 1.9 iNav fei 
300 0.6 0.5 — 





between the two samples with respect to their x-ray inactivation. The 
result is particularly interesting in view of the finding that macro- 
molecular weight is greatest in those DNA’s having a high guanine 
content (19). However, there is no correlation between x-ray sensi- 
tivity and guanine content. Furthermore, and much more important, 
if two different sorts of S' particles exist, they must be supposed to 
remain in essentially the same proportions in the two widely separated 
fractions which were examined. This result is not in favor of the 
hypothesis that two sorts of particles are involved. 

Hypothesis d. Were formation of aggregates responsible for the 
residual resistant activity, strong urea might be expected to make it 
disappear, in view of the well-known effects of urea in diminishing 
intermolecular attractions. Accordingly, samples of transforming DNA 
were treated with 5 M urea for a number of hours, and the x-ray 
inactivation of the treated material was then compared with that of 
controls. Urea has no effect upon biological activity, nor does it alter 
the inactivation characteristics of the DNA. The latter fact is demon- 


strated in Fig. 4. 
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Thus, it has not been possible to obtain evidence in favor of any one 
of the four above hypotheses. However, it is difficult to obtain evi- 
dence categorically against several of them. It has nonetheless proven 
possible to amplify the evidence against a formation of aggregates as 
the cause of the resistance. 

The occasion arose in examining pneumococcal DNA, prepared by 
Dr. N. 8. Simmons, which proved to be very difficult to dissolve, and 
which, after hours of shaking, gave an opalescent solution of low 
viscosity. The S'-transforming activity of the solution was from 10 
to 20 per cent that of anormal DNA preparation. The activity showed, 
however, a remarkable resistance to irradiation with X-rays, as May 
be seen in Fig. 5. This curve is typical of an active unit which requires 
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Fic. 5. Irradiation of highly aggregated transforming DNA, under conditions of 


direct effect. A, aggregated sample. B, the same, after treatment with 5 W urea. 
(From ref. 15). 


several hits in order for activity to disappear. The number of hits lies 
somewhere between 3 and 10. This fact immediately suggested that 
the DNA was aggregated and that the particles comprised from 3 to 10 
transforming units. Here, then, was a material upon which to test the 
action of urea. Treatment with 5 MW urea resulted in the appearance of 
viscosity, and in a threefold increase in activity. Urea-treated samples 
showed, finally, a normal inactivation curve, when subjected to irradia- 
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tion with x-rays. A curve obtained after urea treatment is shown in 
Fig. 5. There can be no doubt that in the original solution large agegre- 
gates were present, and that they have been dispersed by urea. 
Doubtless these aggregates are composed not only of several S' particles, 
but of other kinds of DNA molecules as well, unless specific attraction 
is to be invoked. The aggregates may be presumed to be very large 
indeed, and it is interesting to have another form of evidence indicating 
that bacterial cells can react with a large mass of DNA. The fact that 
in this instance urea can dissociate DNA aggregates strengthens the 
argument that the residual resistant activity is not a consequence of 
the formation of aggregates, but is caused by some other peculiarity of 
structure. 

Since the purpose of these experiments was to try to superimpose the 
image of the active transforming site upon the image of the molecule as 
depicted by the physical chemists, it seemed highly desirable to prepare 
a transforming DNA by a method currently employed in obtaining 
DNA for physical-chemical study, and to perform on the DNA both 
x-ray inactivation studies and physical-chemical measurements. Thanks 
to the interest and assistance of Dr. N. 8. Simmons and Professor 
P. Doty, one such experiment has been realized. Dr. Simmons pre- 
pared the DNA by his method, and the material was subjected to 
physical-chemical study in Professor Doty’s laboratory. As a prelimi- 
nary, the relatively dilute solution was subjected to centrifugation in 
order to eliminate undispersed DNA. Two fractions were thus 
obtained. Fraction 1 comprised the upper supernatant liquid, while 
Fraction 2 included a small pellet plus the lower supernatant liquid. 

Fraction 1 contains molecules of the size and configuration typical 
of calf thymus DNA prepared in identical fashion (Doty, 1955). The S' 
transforming factor in the solution behaves, however, as though it were 
a particle having a molecular weight of not more than 7 x 10°, until 
10 per cent survival is reached, at which point one observes the break 
in the curve that demonstrates the presence of resistant residual 
activity. The same discrepancy exists, therefore, between the x-ray- 
sensitive volume and the molecular weight, as had been noted with our 
preparations of transforming DNA. Furthermore, the resistant residual 
activity has not been eliminated. 

Fraction 2 reserved a surprise. Here, in the material normally 
rejected in light-scattering work, was found activity which was three 
to four times more sensitive than usual. This can be seen in Fig. 6, in 
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Fic. 6. Irradiation of Fraction 1 (curve A) and Fraction 2 (curve B) under 
conditions of direct effect. Fraction 1 gives a curve typical of most transforming 
DNA preparations, with an inactivation dose in the neighborhood of 7 105 r. 
Fraction 2 contains x-ray-sensitive material having an inactivation dose in the 
neighborhood of 2.5 105. (From ref. 15). 


which the inactivation curves of Fractions 1 and 2 are shown. The 
problem which arises more persistently than ever is this: with how 
many kinds of targets is S' activity associated? Already three sorts 
have been described: the activity associated with a unit having a mass 
of the order of 7 10°, the resistant residual activity, and the x-ray- 
resistant unit requiring multiple hits for its inactivation. Since the 
last-mentioned unit is unstable to area treatment, and is converted into 
the first, there remain basically two varieties of S activity. It was 
decided to see whether the fourth kind of unit, the x-ray-sensitive one, 
was also stable to urea treatment. In fact, it is not (15). Treatment 
with urea renders samples of Fraction 2 essentially like Fraction 1 in 
the vast majority of transforming DNA solutions examined. It seems, 
therefore, most probable that the X-ray-sensitive particle is also a 
product of aggregation, and is not a basic constituent of tr 
ing DNA. 


ansform- 
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Tia. 7. Progressive change in the inactivation behavior of Fraction 2. Evolu- 
tion is toward aggregation. Irradiation is under conditions of direct effect. (From 
ref. 15). 


How is it possible that aggregation can give rise to two units differing 
so radically in their inactivation characteristics? Part of the answer 
is demonstrated by Fig. 7. Here are shown inactivation curves per- 
formed on Fraction 2, allowed to stand for ten months with only very 
little stirring. A progressive change in inactivation behavior is evi- 
dent, and evolution is toward the formation of x-ray-resistant units 
requiring multiple hits. Apparently, the x-ray-sensitive, urea-unstable 
unit is found during the initial phase of aggregation. It remains to 
be explained why a small aggregate should be more sensitive to x-rays 
than the basic unit of which it is composed. This question will be 
considered shortly. 


DISCUSSION 


It is customary to find the properties of DNA highly complex. In 
the described x-ray inactivation work, complexity has taken the form 
of a plethora of units having different sensitive volumes, all endowed 
with streptomycin-resistance transforming activity. In addition to two 
urea-stable units differing in x-ray sensitivity by a factor of ten-fold, 
two other kinds of units are described which are unstable to urea treat- 
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ment. Both of the latter are presumably aggregated forms of the urea- 
stable units. One of these aggregates is highly resistant to x-rays, 
and requires many hits for inactivation to occur, while the other is 
more sensitive to x-rays than the basic units of which it 1s composed, 
and is inactivated by a single hit. 


Restricting attention first to the urea-stable units, the following 
remarks may be made about them. They may be considered to be 
fundamental units of transforming DNA, because they are stable to 
urea, and because they are consistently found in DNA prepared by two 
different methods. Experiments thus far performed which might have 
proven that these two units are physically discrete have failed to do so. 
The units may of course be discrete and the methods thus far 
employed to separate them inadequate. However, if we suppose that 
they are not discrete, but are functional aspects of a single entity, 
what needs to be postulated to explain the inactivation curves obtained? 
It need only be supposed that the target offered by the S' transforming 
factor is complex: that S" activity is due to the properties of only : 
very small region of the DNA molecule, but that the probability of 
this region becoming incorporated by the bacterium is very greatly 
increased if a large region around it is intact. Accordingly, the dimen- 
sions of the S' region would be those of the resistant residual activity, 
while those of the sensitive region around it would be of the order of 
7X 10°. The larger target is ten times smaller than the average DNA 
molecule, but the causes of this cannot be stated with certainty. It 
may be that the larger sensitive region is itself only part of the 
molecule involved, or, as has been mentioned above, it may represent 
the entire molecule, but be measured as smaller owing to errors in 
the radiation method. The dimensions of the smaller target are of the 
order of 7 < 104. If one takes these figures at face value, the larger 
target contains one-tenth of the nucleotides of the total molecule, i.e., 
2x 10°, and the smaller target~>contains one-hundredth, or about 
2 10°. The calculation cannot be taken too seriously, however, owing 
to the uncertainty already discussed, and owing to the possibility that 
the projectile used may be too big for the smaller target. 

It is interesting to note that the notion of a complex target, essen- 
tially like that invoked above, has been put forward by Garen and 
Zinder (20) in radiation studies on transducing phage, and that in this 
latter instance, too, DNA may be presumed to be the site of action 
of the radiation. 
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Turning finally to the behavior of aggregates toward irradiation with 
x-rays, the following problem arises. How can it be that during the 
initial phases of aggregation S" particles are inactivated more readily 
than unaggregated material, and by a single hit, while in later stages, 
many hits are required? The DNA in the solutions containing the 
ageregates shows a high degree of orientation, as evidenced by its 
crystallinity (21). It may be supposed that the molecule-fibers are 
packed in parallel and orderly array. The fact that the smaller aggre- 
gates offer a larger target than unaggregated DNA can only be 
explained by supposing that a hit in an aggregate has effects which 
spread beyond the limits of a single molecule. This may result as a 
consequence of energy transfer, but is more likely to be the result of 
the formation of stable cross-links between adjacent molecules. Cross- 
links might very well block the integration by bacteria of S'-bearing 
molecules. X-ray inactivation probably occurs in the same fashion 
in both small and large aggregates, but since the spreading effect would 
tend to be limited, an aggregate would show multi-hit behavior as soon 
as two S' particles were associated in a particle whose dimensions 
exceeded the radius of spread. It has not been possible to test this point, 
owing to the variable results observed with the inhomogeneous suspen- 
sions of the large aggregates. 

Radiation studies unfortunately yield data which can be interpreted 
only with the aid of a fair number of assumptions. However, the use 
of urea in the present investigation has been of enormous help in 
unsnarling the complexities encountered, and has enabled a more direct 
testing of several hypotheses than is customarily possible in x-ray work. 
It is quite clear that, in certain types of pneumococcal DNA prepara- 
tions, aggregation occurs giving rise to particles having properties 
different from those manifested by the basic elements of the solution. 
Stability toward urea might profitably be used in defining a large 
variety of properties of DNA particles. 
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CRITERIA FOR QUANTITATIVE GENETIC 
TRANSFORMATION OF BACTERIA 


Rouuin D. Horcukiss 
Rockefeller Institute for Medical Research, New York, N.Y. 


GRIFFITH, WHO discovered the transformation of bacteria, and Avery, 
who did so much to define it, amply demonstrated the heritable and 
specific nature of the changes brought about. Although the process 
was always by implication genetic, it was by no means obvious that 
it is closely related to the nuclear genetic processes of higher plants 
and animals. Now, however, many homologies have been indicated, 
and it will not be useful to dwell upon them here. Rather, after briefly 
indicating the genetic nature of transformations, we shall turn to the 
discussion of what seem to be their unique features, their nature as 
physico-chemically definable interactions between cells and cell parts. 

It has been pointed out elsewhere that transformations are step-by- 
step transfers of unit portions of the genetic potentialities of the donor 
cells (12, 14). The cell properties transferred reflect accurately the 
unitary nature, great or little, simple or complex in effect, of the donor 
strain as inferred from a known mutational history. Transforming 
agents from pneumococci were shown to transmit a genetic potentiality 
(the ability adaptively to dehydrogenate mannitol) without reflecting 
the attained enzymatic state, adapted or unadapted, of the cells from 
which the agents were extracted (22). Such findings led to the delib- 
erate conclusion that the transforming deoxyribonucleates (DNA) 
contained biologically specific entities operationally equivalent to bac- 
terial genes. 

With the help of a system of linked genes in pneumococeal DNA, 
it was possible to derive evidence that the effective units introduced 
in transformation are not only smaller than the total bacterial genome, 
but are variable fragments of individual DNA particles themselves 
(17). It is important to distinguish the type of genetic recombination 
involved in transformation from those which seem to be involved in 
such higher order processes as crossing over. Formally, at least, the 
latter result from reciprocal exchanges between homologous intact 
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strands, across distances of several thousand A. We believe the evi- 
dence indicates that bacterial transformation results from an extra- 
neous DNA fragment acting at short range, and in a non-reciprocal 
manner modifying, or substituting in, the DNA of the cell during 
replication (17). Other bacterial or phage genetie recombinations, and 
transduction, appear to be similar non-reciprocal short-range processes. 


LIMITATIONS OF THE CLASSICAL SYSTEM 


The capsule transformations were detected by Avery, MacLeod, and 
MeCarty (4) by exposing the DNA-treated culture to an antibody 
broth in which the unencapsulated organism would grow, be aggluti- 
nated, and fall to the bottom of the tube, leaving transformants to 
grow in the upper levels. As we gained some experience with this 
system, it became clear that many pitfalls awaited the newborn trans- 
formant before it would have a chance to be detected. In the first 
place, many capsulated transformants would be found among the sedi- 
mented organisms at the bottom of the tube, and not duplicating sue- 
cessfully. This was so serious a matter that if the sedimentation were 
speeded up by using an inoculum as little as three or four times too 
neavy, or by lightly centrifuging the culture at an early time, trans- 
formation would be recorded as negative. Furthermore, delaying the 
sedimentation (Table 1) by such means as remixing the upper and 


TABLE 1 


Tue Errect or Various KInps or INTERVENTION ON THE 
ReEcOvERY oF CAPSULE TRANSFORMANTS 


Transformants not recovered in supernatant culture as a result of 
1. Too early sedimentation, carrying down the transformants 
a. Inoculum 4X too large; clumps settle 1 hour early 
b. Light centrifugation 
c. Growth more rapid than usual 
2. Too late sedimentation, inhibiting development 
a. Inoculum too small: clumps form late 
b. Antibody concentration too low; cells do not sediment, or overgrowth of 
untransformed cells in upper layer 
ec. Culture mixed up after being partly sedimented 
Standard system, giving transformants in upper layer 
if Sedimentation carries down some potential transformants while leaving 
others in upper layer to develop : 
2. One transformant in upper layer, if free to express itself, can give same 
maximal expression as many thousands; yet many thousands may be carried 
_ down in sediment and never be detected 
3. Higher yield obtained by deliberately mixing up after full e 
then speeding up removal of untransformed ce 
antibody has reagglutinated them 


1 expression period, 
lls by centrifuging lightly after 
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lower layers, would also have the same effect. Thus, if the sedimenta- 
tion occurred early enough to reduce competition for the transformants 
in the upper layer, it was inevitably carrying down a large proportion 
of the unexpressed transformants into a highly competitive, concen- 
trated, bottom layer. Taking advantage of these properties of the 
system, it was easier to observe more nearly the true yield and also to 
show that antibody played only a selective role. A culture is grown in 
the absence of antibody, DNA is added, and the excess is destroyed 
shortly thereafter. Using antiserum medium for detecting the trans- 
formants, it is easily demonstrated that they are produced in essen- 
tially equal amounts with or without antibody in the initial phases. 
Since the recovery of capsule transformants is disturbed when sedi- 
mentation is disturbed, it becomes clear that the role of antibody is 
essentially a selective one. 


It was evident that there is a vulnerability of the capsule trans- 
formants while in the nascent state, a vulnerability so great that in 
this classical selection system the outcome might easily seem to indi- 
cate that no transformation was occurring. These and other experi- 
ments indicated that transformants only slowly develop their new 
capsule character, and even more slowly become effectively able to 
survive in growth competition with the excess of untransformed cells 
present. 

These observations, furthermore, made it seem unlikely that the 
frequency of capsule transformation could be determined with quanti- 
tative precision. Even when the number of encapsulated cells is rea- 
sonably precisely determined (12, 26), the uncontrolled adverse selec- 
tion to which they have been exposed before plating makes the result 
in all probability unreliable. When they are not enumerated (1, 3, 4, 
6, 23, 24, 29, 30), the “determination” can be at best only a statistically 
uncertain end-point dilution, in terms of DNA concentration. The 
uncertainties of selection more or less ensure likewise that end-point 
dilutions for determining encapsulated transformants (12, 26) will give 
only a semiquantitative idea of the number of cells transformed. 


QUANTITATIVE DETERMINATION OF TRANSFORMANTS 


To improve the basis of selection, we turned some years ago to 
drug-resistance transformations (12). In numerous public and private 
discussions further developments have been described and made avail- 
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able, but no written publication contains a record of the basic quanti- 
tative concepts involved. Such a presentation seems timely at this 
point, inasmuch as the procedures and principles outlined in our 
laboratory have become variously involved in the literature of the 
subject, including that of this symposium. 

In principle, it is merely necessary to add DNA from a drug-resistant 
strain, and then after an appropriate interval to dilute the culture into 
drug medium which kills or prevents growth of all except the trans- 
formants. With accurate control of the time of interaction by adding 
DNA at precisely known times and following it shortly thereafter with 
crystalline DNAase, well-defined kinetic quantitative experiments can 
be done. In all such experiments, drug-resistant transformants appear 
in a two-step pattern. The first step is an extremely rapid one, begin- 
ning about one division period after the DNA exposure. It is followed 
by a clearly perceptible one- to two-hour period during which no 
increase occurs. After this interval, the duration of which depends upon 
population density and nutritional factors, there is a slower and 
exponential rise in the number of transformants. Typical complete 
kinetic curves essentially as described were reported for streptomycin- 
resistance transformation in pneumococcus (14, 16) (Fig. 1), and 
show that the total culture was still growing when the lag plateau 
in transformants appeared. Such a course had already been suspected, 
as I have mentioned, in the capsule transformation, and it was indi- 
cated in the data reported with the initial description of drug-resistance 
transformation (12). In the experiments published then, it appeared 
that more than 90 minutes of growth were required before penicillin 
resistance was fully developed. Subsequent replication obviously oc- 
curred, since colonies were eventually obtained, but precise data were 
not available at that time concerning late events in the undiluted 
culture. The streptomycin-resistance transformation in Hemophilus 
(2) showed a similar rapid, followed by a negligible, rise of strepto- 
mycin-resistant transformants under conditions (seeded on fresh agar 
medium, incubated in an air-bath incubator) in which the total cells 
were unquestionably dividing, but for an imprecisely known incuba- 
tion time. Thomas has recently presented a partial curve showing 
again, for pneumococci, the first step and a subsequent plateau of 
transformants (27); but he had no actual data on the total culture 
growth to show that it was still growing during the plateau period. 
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Fia. 1. Kinetics of streptomycin-resistance transformation in pneumococci at 


37° C. 


SIGNIFICANCE OF A TRANSFORMANT AS A UNIQUELY DETERMINED ENTITY 


Taking advantage of the growth of pneumococci as single clone- 
clusters settling to the bottom of the culture tube after small numbers 
are inoculated into antiserum broth (15), we have devised a simplified 
individual growth-rate determination. Single viable units, distributed 
with suitable statistical precautions in single tubes of antibody broth, 
will grow to produce single colonies. If disturbed, however, by vigorous 
shaking, after one (or two) divisions, the microclusters are separated 
into two (or four) units, and after further undisturbed incubation, 
two (or four) colonies will be formed. By simply shaking different 
sets of diluted cultures after suitable periods of incubation, both the 
individual and the average number of divisions can be directly indi- 
cated. If a transformed culture is so diluted, and treated with strepto- 
mycin as well as shaken, the rate of division of individual trans- 
formants can be similarly determined. In the experiment indicated 


326 THE CHEMICAL BASIS OF HEREDITY 


TABLE 2 
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Factor of increase 1.0 15 4.7 14 
Variance 0.91 0.75 3.5 26 183 
: Total cells in average replicate tubes of same dilution 
QO min. 60 min. 120 min. 180 min. 240 min. 
Total cells 135 190 1200 7100 43,000 
Factor of increase 0.67 (1.0) 6.3 37 225 
Ratio, total cells 
to transformants (142) 200 825 1600 3150 





in Table 2, a culture was diluted immediately after treatment with 
DNA, and 20 identical sets of dilution tubes were thus examined for 
the number of streptomycin-resistant transformants at a series of times. 
At the first time, 60 minutes, expression was complete, and the expected 
19 transformants had shown a distribution among the twenty tubes 
close indeed to that predicted from the Poisson distribution caleulated 
for this expectancy. It may be noted that variance is within the value 
of the mean, for this set, and that the expected 7 to 8 unoccupied tubes 
were found. The first significant finding in this experiment is that, 

incubation before the addition of stre ptomycin is prolonged and greater 
numbers of colonies are recovered, each set of 20 tubes still continues 
to give its share of about 8 unoccupied tubes. In other words. the 
second portion of transformants now beginning to appear are not 
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coming from new occurrences, but are coming from a replication of the 
rapidly appearing first group. The same indication is obtained from 
the greatly increased variance from all of the tubes as soon as time 
has allowed some factor other than sampling distribution to influence 
the numbers of colonies present. Thirdly, the numbers of colonies found 
show clearly that there is a delayed onset of division among the average 
transformants. This delay can be compared to the rate of division of 
average untransformed cells in the same culture dilutions, shown at 
the bottom of Table 2. It will be seen that the latter were dividing 
regularly and rapidly as a result of the dilution into a large volume of 
fresh medium, giving about a six-fold increase per hour. Finally, the 
onset of this replication for individual cells is irregular, coming within 
the second hour for perhaps half of them and not until the fourth hour 
for some last few, even in the fresh medium. This particular aspect 
has been seen repeatedly and best in many experiments in which the 
number of cells per tube is held at a lower level. 

The delayed onset of divisions in the transformant class has been 
in part explained as a segregation lag during which untransformed 
parental types are separating at the early divisions (14, 17). The 
genetics of this process will not be considered here. The irregular 
delay in onset of individual divisions, by whatever cause, brings us 
another lesson of caution. Bacteria, of which large populations seem 
to offer an easy route to statistically significant observations, can 
unobtrusively obscure the true ratios of different transformant types 
in case there is temporarily delayed division in part of the group. 
It is easy to see that the slowest transformants to replicate in the 
experiment of Table 2 drifted from a position as 1/19 of the trans- 
formants to 1/90, and from 1/140 of the whole population to 1/1600 
merely by means of this delay. It has been shown by Witkin that 
similar division delays supervene, at least in agar microcolonies, after 
transduction or ultraviolet irradiation (28). 

For the present purpose, emphasis is placed on the fact that at last 
we have a direct demonstration that the appearance of a transformant 
clone is an event uniquely determined by brief contact of an individual 
cell with intact DNA. Immediately after this contact and thereafter, 
this cell behaves as a unit with a predetermined potentiality. The rapid 
rise of a new cell type is simply the expression of this potentiality and 
takes place without distortion or influence if the culture 1s diluted into 
fresh medium at a suitably early time. The rate of transformation of 
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the culture is therefore the number of such modified cells divided by 
the number of total cells present at the time DNA is used. The number 
of transformants can, however, only be judged when these modified 
cells are placed in a colony-forming situation before replication of the 
new property has begun, and only if they are not exposed to the selec- 
tive agent (e.g., streptomycin) before the selective property is fully 
developed. These criteria have been established in several systems in 
our laboratory, and empirical details have been provided to a number 
of coworkers and colleagues. A number of investigations based upon 
these procedures have been published (5, 9, 12, 15, 16, 17, 19, 21, 22, 
25); parts of the procedures have been adopted in others (2, 3, 7, 8, 
10, 20, 27). 


TIME oF Exposure To DNA 


Several factors make it important to limit the time of exposure of 
sensitive cells to specific DNA, by adding it at a known time and 
terminating its action five to ten minutes later with DNAase. One 
of these is the changing state of the culture, since physiological sensi- 
tivity develops gradually during late exponential growth and then 
decays slowly. This period of receptivity is rather broad (at least 
2 hours or 4 to 5 division periods) in our complex media, but it can 
be shortened and made steeper in rise and fall either (a) by diluting 
the medium, or using a less adequate medium, or (b) by using a larger 
inoculum with any medium. It seems probable that the brief, steep 
period of sensitivity reported by Thomas (27) and by Ephrussi- 
Taylor (7) comes from such shortening of the physiological sensitivity, 
and in any case it is not reasonable to speak of the cultures as “syn- 
chronized”. Phasing of cultures by temperature change shortly before 
DNA addition has superimposed peaks of cumulative sensitivity (10 
to 17% of the cells being transformed after 5 min. exposure) upon 
a broad physiological sensitivity level of 2 to 5 per cent, and there 
is some suggestive evidence that synchronization of cell division may 
be responsible (15). The transformability “peaks” described by 
Thomas rise to about 0.1 per cent of the population with the same 
pneumococcal strain and marker, and they might well reflect only a 
small part of what is happening when the yield is 20 to 100 times 
higher. In any ease, it is not clear that they can be used to explain 
our own results. 
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All of those who have occupied themselves with this question, how- 
ever, agree that both populations and individual cells seem to pass 
through rather cyclical rises and falls of sensitivity. Therefore the 
timing of DNA addition and duration of exposure may enormously 
influence, and interfere with, the quantitation of the number of cells 
transformed. We have employed a 5-minute exposure in the main, 
begun at a time when the culture is expected to be at a relatively flat 
portion of the physiological sensitivity curve. Others have used a 
similar short 5 to 10 min. period (2, 20, 21, 25), or 15 minutes (3), 
which is about the indicated duration of cell sensitivity; a time of 
30 minutes (7, 12, 26, 27) would seem dangerously long in our own 
system. A number of workers keep the DNA present throughout the 
culture growth (4, 7, 8, 23, 24, 30) and do not terminate its action; 
it is usually unstable in this environment, so that a rising population 
is reacting to a falling DNA concentration. These choices undoubtedly 
make quantitation less precise and perhaps render some of the con- 
clusions incorrect. 

Another reason prolonged DNA exposure may be destructive to 
quantitative work lies in the very nature of the expression process. 
Fox has shown in this laboratory (9) that the expression times for 
individuals in a population treated briefly with DNA distribute nor- 
mally over a series of times (approximately 20 to 80 min. after DNA 
administration). From this it would seem that for a 30-min. exposure 
the late-reacting group of cells would not be finished expressing their 
transformation when the first reacting ones might be beginning to 
replicate. 


RELATION BETWEEN THE NUMBER OF TRANSFORMANTS 
AND DNA CoNcCENTRATION 


Even when working with the qualitative capsule transformations, 
it was recognized that higher concentrations of DNA gave more trans- 
formants, and the agent has often been assayed by dilution end-points 
(3, 4, 6, 11, 23). In these one observes the number of test populations 
containing transformants when limiting dilutions of DNA are used, 
rather than the number of cells induced to become transformed. The 
uncertainties of selection already mentioned are combined with sta- 
tistical ones when approximately five replicate cultures (1, 3, 4, 6, 11, 
23) are used at the end-point. Ravin has employed an elegant varia- 
tion of this procedure in which approximately 50 microcolonies are 
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erown in soft agar in a known initial concentration of DNA, and in 
this case the number of test populations containing transformants can 
clearly be made a significant measure of the transforming activity (24). 
Unfortunately, the activity measured is that of a prolonged exposure 
to a falling (through decay in the medium at 37° C.) concentration 
of DNA. 

The studies by Zamenhof (29, 30) present data of considerable 
potential interest obtained by methods that at best can be semi- 
quantitative, and may conceivably be qualitatively deceptive. The 
method he has used almost exclusively has been end-point dilutions 
of DNA acting upon only two test populations of Hemophilus for each 
concentration, the significant dilution being considered to be that at 
which neither dupheate can be shown to contain transformants after 
overnight growth. Even if there were no selective forces inimical to 
the transformants, the statistical scatter at the end-points (for both 
DNA and cells) should render quantitation hazardous. Even the easily 
measurable drug-resistant transformants are measured only in test- 
population units in the same way. The dangers of this method may 
be thought to be even more grave here than elsewhere, since Zamenhof 
has undertaken to compare activities of DNA preparations inactivated 
by a variety of chemical and physical agents. In effect, the attempt 
is to measure the ability of a DNA preparation to be diluted. If a 
preparation is rendered inhomogeneous by these treatments, and the 
components have different affinity, rate, or adsorption constants of 
interaction with receptive cells, it might well be that the activity esti- 
mated will be only that of the most highly dilutable component. 

Concentration response data were obtained for the capsule system 
by end-point dilutions to determine transformants created at inter- 
mediate (not limiting) concentrations of DNA (12, 26). The first data 
from an essentially quantitative system were those presented for 
penicillin-resistant transformation (12). A crude saturation type of 
curve is indicated from the data, and the relation has often been 
described; but the only curves published have been those for the 
marker mannitol (22), as well as those of Marmur and Fluke with 
other markers used in this laboratory (21). Alexander. Leidy, and 
Hahn published in 1954 a concentration-response curve showing the 
typical linear region over a 1000-fold concentration range in which 
number of transformants was proportional to the first power of con- 
centration (log-log slope = 1) for streptomycin resistance in Hemo- 
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philus (2). Ravin gave linear curves with the same general relation- 
ship for number of colonies containing capsule transformants versus 
DNA concentration (24). 


MEANING OF CONCENTRATION-RESPONSE RELATIONSHIPS 


It might be well to discuss some typical concentration-response 
curves as a basis for measuring DNA transforming activity. The 
eurves in Fig. 2 show the response to several known mixtures of 
pneumococcal transforming preparations. When the activity being 
scored, S (streptomycin-resistance), is plotted against the concentra- 
tion, the linear relation is followed over 3 logarithmic decades. When 
a “foreign” DNA not bearing S activity (F, sulfanilamide-resistance) 
is being added along with the S-DNA, the curve follows the same linear 
path. In other words, there is no detectable competition between 
different DNA’s in the linear, low-concentration range. 

The yield of transformants at saturation shows a very different 
thing, however. Under the conditions of our experiments, the capacity 
of the cells to respond is saturated when about 0.1 pg. total DNA /ml. 
is present, and although Fig. 2 does not show it, the plateaus are hori- 
zontal (+ 10%) for 50-fold concentration ranges of DNA. It will be 
noted that each of the mixtures levels off at a yield of transformants 
approximately proportional to its S-DNA content, and this yield can- 
not be increased by adding more of the same mixture. Here then, we 
see that the saturation yield of transformants is a measure of the 
quality of a DNA preparation, its ability to supply active DNA 
bearing a certain marker relative to its total DNA content. 

Confirmation of these relations has been obtained for a large number 
of different artificial mixtures. It is not known whether the pure-strain 
standard DNA contains undetected DNA particles which do not carry 
the particular marker being measured and are instead inhibitory, as 
would be the case if the various known linkage groups are in different 
particles. Since calf thymus DNA, for example, is similarly inhibitory 
on a weight-for-weight basis at plateau concentrations, it may be 
assumed that the unmarked pneumococcal DNA would also be com- 
petitive. If this is the case, the maximal or 100 per cent plateau yield 
is merely that of the best preparation so far available, and the yield 
at saturation becomes the most significant test for quality of any new 
fraction or preparation of transforming DNA. 
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Fig. 2. Concentration-response curve of streptomycin-resistant transformants 
plotted against concentration of high-molecular DNA bearing S marker, both 
logarithmic. The indicated mixtures with other pneumococcus DNA (F-marker, 
not bearing S) were made and added, in increasing quantities, to aliquots of the 
same culture. Time of exposure, 5 minutes at 37° C. 
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The actual absolute yield at saturation is of course dependent upon 
individual factors of number, sensitivity, and duration of exposure of 
the cultures used for assay, as already indicated. We have found that 
the logarithm of (1 minus the fraction transformed) is linear with 
DNA concentration for all of our quantitative systems. This concen- 
tration rate of attack upon untransformed cells becomes reproducible 
from experiment to experiment and independent of absolute yield or 
culture conditions, since the fraction transformed is taken as the num- 
ber transformed divided by the number transformed at saturation. 
Most suggestive is the observation that this attack rate of a DNA 
preparation on transformable cells (with respect to its own marker) 
appears to be exactly the same as its attack rate upon cells being 
transformed by another DNA (where it competitively reduces the 
number transformed to another marker). These studies will be ex- 
tended and reported elsewhere, partly in collaboration with Dr. F. Gros. 

It should be noted that when one does not know the degree of 
admixture with an “inert” DNA, or is seeking information about this, 
one will then be plotting a concentration curve as shown in the dotted 
line in Fig. 2, which represents the data of curve C on a total DNA 
basis. In this case the activity level of mixture C can be judged at a 
glance from the plateau reached, but its activity can also be compared 
on a weight basis with that of any standard DNA in the linear region. 
What is most important to stress is that the relative activities at 
saturation can be judged without accurate information about DNA 
concentration. For assay in the linear region, it is necessary to know 
accurately the amount of DNA; for this, absorption at 260 my is not 
adequately specific, and colorimetric measurements may require large 
amounts of material. We have employed for some years a method 
based upon the increase in optical density (hyperchromic effect) when 
the preparation is treated with purified DNAase (18). 

Finally, when working with irradiated, degraded, or fractionated 
transforming DNA, and attempting to judge the relative activity of 
such preparations, it seems advisable to establish the approximate 
form and reliability of the concentration-response relation for each 
significant treated preparation or fraction. If non-linear or multistep 
curves are obtained, the explanation may first be sought in the diffi- 
culty of meeting experimentally some of the requirements for quanti- 
tation outlined above. In any case, the multiple-inflection curves 
presented at this symposium (7) suggest great discontinuities difficult 
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to explain rationally, and ones which we have never observed. In 
general, it might be said that new or modified DNA whose nature is 
not fully understood should be compared with standard preparations 
at each of several concentration levels. 

Transforming DNA very slightly degraded by careful exposure to 
DNaAase by Dr. F. Gros in this laboratory shows typical linear response 
saturation curves, and its competitive ability in inhibiting an intact 
DNA bearing other markers is in the early stages markedly increased. 
This work will be the basis of another communication, 


CONCLUSIONS AND SUMMARY 


Genetic transformation is a unique response of bacteria to appro- 
priate specific DNA, and the outcome for each individual cell is essen- 
tially predetermined at the time of contact with DNA. Subsequent 
stages include a discrete expression period, distributed in time about 
a mean, and a period during which replication as transformant does not 
occur, followed by normal division. Quantitation is accomplished by 
maintaining potential transformants in a growth environment which 
is not adversely selective until genetic expression has occurred, dis- 
tributing them into a selective medium favorable for the transformant 
type during the period of no replication, and then observing the number 
of colonies formed after replication has proceeded. 

Quantitative data will have maximum validity if some attempt is 
made to show that the following conditions are satisfied: 

1. The culture is at a known and not rapidly changing level of 

transformability. 

2. DNA is used at concentrations above the limiting end-point, and 

preferably at several concentrations. 

3. DNA content is based upon analysis for high-molecular DNA. 

4. Exposure to DNA is controHed and of brief duration (less than 

15:min.); 

5. Transformants are freed from disadvantageous competition with 
an untransformed background population. 

6. The culture is diluted into selective medium at a time when the 
transformants have not yet replicated. 


~! 


rhe yield of transformants is related both to the total number 
of cells present at the time of DNA treatment and to the vield 
from standard DNA on same population. 
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If relative activity is judged from the yield at the saturation 
region, it should be known that saturation yield has been 
obtained. 

If the activity of a modified or fractionated preparation is ob- 
served at a low concentration region, evidence should be provided 
of the nature of the concentration-response behavior of the 
preparation, as well as that of the standard. 
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STUDIES ON TRANSFORMATION OF 
HEMOPHILUS INFLUENZAE * 


SoL H. GoopcaL AND Rocrer M. HErRRI0oTT 
Department of Biochemistry, Johns Hopkins University, 
School of Hygiene and Public Health, 
Baltimore, Maryland 


BACTERIAL TRANSFORMATIONS have been demonstrated to occur as a 
result of the addition of DNA derived from a variant population to a 
susceptible host population (3). The mechanism by which this process 
takes place is unknown. In the following preliminary report of studies 
on the transforming DNA of Hemophilus influenzae, it is shown that 
the number of transformations is directly related to the amount of 
transforming DNA taken up irreversibly by the cell population, and 
this DNA may be considered to have penetrated the cell. In addition, 
an analysis of the molecular weight of the transforming factors (TP) by 
sedimentation and diffusion methods and a sedimentation analysis of 
the total DNA have been made with the object of defining transforma- 
tions in quantitative terms, i.e., in terms of interacting units, molecules 
of DNA, and numbers of cells. 


Uptake of Transforming DNA by Susceptible Cells. 


DNA labelled with P#? is taken up by hemophilus cells in two forms, 
a reversible form, which is sensitive to DNAase or which may be 
washed off by saline, and an irrev ersible form, which is insensitive to 
DNAase and cannot be removed by w ashing. The irreversibly absorbed 
DNA is maintained by the cell population as DNA and is not lost to 
any other fraction during subsequent growth. 


Hemophilus influenzae cells which transform do so as a result of the 
uptake of transforming DNA. In dilute solutions of transforming 
DNA (10~* to 10% yg./ml.) the number of sensitive Hemophilus 


* Carried out under a grant (Contract No. AT(30-1)-1371) from the U. § 
Atomic Energy Commission. 
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influenzae cells that transform to cells with streptomycin resistance is 
directly related to the concentration of DNA applied. This result is 
to be expected if a single unit or molecule is the cause of the transforma- 
tion. At concentrations above 1 to 10 molecules of DNA per cell the 
number of transformations is less than expected, so as to suggest that 
competition or an interference by DNA molecules other than the 
specific factor being measured is responsible for the observed deviation. 
The number of cells transforming is directly proportional to the DNA 
taken up irreversibly, regardless of the relative concentration of cells 
or of DNA. 

Using a value of 15,000,000 for the molecular weight of DNA, deter- 
mination of which is discussed later, the number of molecules taken up 
irreversibly by the cell population for each cell transformed was found 
to be 120. This is shown in Table 1, where values of the reciprocal 
ratio are given, 1.e., the number of transformations per 1000 molecules 
absorbed irreversibly. This figure is remarkably constant over a wide 
range of transforming factor concentration and at different stages of 
cell growth. 


Evidence for Cell Penetration by Transforming DNA. 


Transforming DNA taken up irreversibly by a cell population can 
be liberated from the cell within 10 minutes after absorption by lysing 
the cells with lysozyme. The liberated transforming factor is then 
demonstrated (by titrating against a standard titration curve) and 
gives a value corresponding to the expected amount of transforming 
factor. The liberated transforming factor is sensitive to DNAase; 
however, whether or not it has been physically or chemically altered has 
not yet been determined. 


Evidence that the Uptake of Transforming DNA is Not Selective for 
Specific Factors. 


The following evidence suggests that there is no fractional uptake of 
transforming factor by the cell: (1) Transforming factor and DNA 
have a constant relationship where the amounts of transforming factor 
and DNA taken up by the cells vary over a considerable range from 
0-90 per cent. This also applies to the reversibly bound DNA which 
is washed off and analyzed. (2) Hemophilus cells will take up their 
own or homologous DNA (but do not transform) to the same extent 
as they take up transforming DNA. 
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Diverse Nature of the Donor DNA. 


Inasmuch as no fractionation of transforming DNA was observed 
and there was only one transformation for every 120 molecules of 
DNA taken up, only one in every 120 molecules of DNA may be 
assumed to carry the factor for streptomycin resistance. Since a donor 
cell contains approximately 100-120 molecules of DNA, it is possible 
that each donor cell contains only a single molecule of the streptomycin- 
resistance factor. The above data do not exclude the possibility that 
every DNA molecule carries the streptomycin-resistance factor and 
that the over-all efficiency of the transformation is merely 1 in 120. 
This possibility, however, seems unlikely in view of the constancy of 
the results obtained under the varied experimental conditions that 
might be expected to alter the efficiency of transformation. 

This value of one transforming factor for streptomycin resistance 
per cell is independent of the molecular weight. 


The Molecular Weight of the Transforming Factor for 
Streptomycin Resistance. 


It was reported in the symposium meetings that preliminary data 
on the molecular size of the streptomycin-resistance factor calculated 
from sedimentation and diffusion measurements indicated its weight 
to be in the neighborhood of 6,000,000. This is close to the value 
reported for thymus DNA (2, 4, 7). Since then more complete 
data, especially diffusion measurements, have led to a higher value. 
The sedimentation data obtained (see Table 2), using dilute DNA 
solutions of 0.1 pg. to 10 pg./ml., show that DNA, as measured by P*?’, 
and the transforming factor are sedimented together, and that a large 
fraction (90 per cent or more) of the DNA consists of material of high 
molecular weight and of a fairly uniform rate of sedimentation. The 
sedimentation constants for DNA and the transforming activity shown 
in Table 2 have not been corrected for any blank or low molecular 
weight values. 

The diffusion data obtained by using the Northrop-Anson porous 
dise method (1, 6) show a decrease in the diffusion constant during the 
first forty days. In this period about 8 per cent of the total material 
diffused out. During the period of forty to one hundred twenty days 
determinations of transforming activity from 3 diffusion cells have led 
to a value of 1 * 10-8 for Doo. Using this Doo and a figure of 27 for 
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TABLE 2 


SEDIMENTATION CONSTANT (S29) oF TP anp DNA* 


Concentration Upper cell concentration 











of DNA as a fraction of initial 
Expt. No. ug. /mi. concentration** S 20° c.)T 

DNA (P?) TP DNA (P®) 4 Nel Be 
1 10 16 All| 21 22.4 
2 1 18 ris 20.3 21.8 
3 0.1 .20 16 23 24.2 
4 1 A5 .38 28 31.9 
5 1 15 09 27.6 29.8 
6 1 10 06 23.3 24.6 
i 10 Ot 61 29.6 26.6 
8 10 .26 PE 30.1 31.9 





* Solvent = 03 M NaCl + .014 M citrate buffer, pH 7. 
** Uncorrected. 
¥ Calculated from formula derived by Sher and Mallette (8). 


S29 in the usual formula (5), a value of 15,000,000 for the molecular 
weight of the unlinked transforming factors for streptomycin resistance 
and for erythromycin resistance was obtained. 
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PHOTOREACTIVATION OF HEMOPHILUS INFLUENZAE 
TRANSFORMING FACTOR FOR STREPTOMYCIN RESIST- 
ANCE BY AN EXTRACT OF ESCHERICHIA COLI B 


Sot H. GoopGat, Cuaup S. Rupert, AND Rocer M. Herriorr 
The Departments of Biochemistry and Biophysics, 
The Johns Hopkins University, 
Baltimore, Maryland 


THE PHENOMENON OF photoreactivation originally described by Kel- 
ner (5) has been demonstrated for a wide variety of organisms and 
tissues (3), but very little is known of the nature of the process. Kelner 
has shown that DNA synthesis is inhibited by relatively low doses of 
ultraviolet light and that this inhibition can be reversed by using 
photoreactivating light (6). In addition, the photoreactivation process 
is known to be temperature-dependent, with a temperature coefficient 
(near 2 in the region of 37° C. for bacteria and bacteriophage (3, 5) ) 
and an activation energy (approximately 17,000 calories for Neurospora 
microconidia (4)) that suggest an enzymatically controlled biological 
reaction. Dulbecco’s studies on phage photoreactivation likewise indi- 
cate that the process is dependent on the cell’s enzymatic apparatus (2). 

Some recent studies of photoreactivation have indicated that the 
nucleus is the site of photoreversal and that cytoplasmic effects of 
ultraviolet radiation are not subject to photoreactivation (1, 7). 

In our hands attempts to photoreactivate Hemophilus influenzae 
and Diplococcus pneumoniae for growth proved to be unsuccessful, 
although Escherichia coli under similar conditions underwent photo- 
reactivation, consistent with previous reports (6). The photoreactiva- 
tion of ultraviolet-inactivated transforming factor after the uptake of 
transforming DNA by Hemophilus influenzae also proved to be unsuc- 
cessful. Therefore, an attempt was made to transform ultraviolet- 
inactivated transforming factor for streptomycin resistance by the use 
of extracts of E. coli and Hemophilus influenzae. ‘The hemophilus 
extract in conjunction with visible light failed to produce any increase 
in the frequency of transformation. The results of the two experiments 
with E. coli extracts are given in Table 1. 
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TABLE 1 
Experiment I 


PHOTOREACTIVATION OF ULTRAVIOLET-INAcTIVATED H. influenzae TRANSFORMING 
Factor (TP) ror Strepromycin ResisTaNce By AN Exract or £. coh B 











Mixture incubated 20 minutes at e Titer of 
Tube No. 37°C. with Mg*t and ATP* Condition TP 
1 TP + buffer (citrate .014 M + .15 saline) Dark ore Lo 
2 UVTP{ + buffer Dark Ghee LO 
3 UVTP + E. coli extract** Light 4.4 x 10 
4 UVTP + E. coli extract Dark 4.6 X 10? 
5 UVTP + heated Z£. coli extract Light 4.4 X 10! 
6 UVTP + heated £. coli extract Dark 5.2 X 10! 
6 TP + E. coli extract Light 1.9 X 104 
or Dark 
8 TP + heated EZ. coli extract Dark 2.6 X 10 
Streptomycin-resistant viable cell count of HL. coli extract 0 
Streptomycin-resistant viable cell count of TP 0 





* The Mg++ concentration in the reaction mixture was 0.014 M. The ATP 
concentration in the same mixture was 0.003 M. 


+ UVTP, ultraviolet-irradiated transforming factor. 
** The extract in the reaction mixture represented material from 10!! F. coli/ml. 


Experiment II 





Mixture incubated at 37°C. 








Tube No. with Mgt* and ATP Conditions Titer of TP 
0 min. 20 min. 
1 TP + E. coli extract Dark ety LOS 2.6 < 10 
2 UVTP + E. coli extract Dark 3.8 X 10? 4.6 < 10? 
3 UVTP + E. coli extract Light 3.6 X 10? 4.8 < 103 





* 60 minutes in dark. 


A comparison of the light-treated and dark-treated tubes after incu- 
bation with EF. coli extract shows a 10-fold increase in the frequency 
of transformation of the light-treated tubes. A small but perhaps sig- 
nificant increase is also shown in the incubation mixture of purified 
transforming factor (not inactivated by ultraviolet) and E. coli extract 
when compared with the same mixture at time zero or containing 
buffer in place of cell extract. The difference is quite marked when 
comparisons are made between transforming factor incubated with 
heat-treated extract and transforming factor with unheated extract, the 
latter being far higher in titer. 
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A detailed discussion of the interpretation of these results must await 
further experimentation, but there is an increase of activity of ultra- 
violet-inactivated Hemophilus influenzae transforming factor whet 
both visible light and an extract of H. coli B are present. 
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DISCUSSION 


Dr. Ravin: I would just like to ask whether the number of doubles 
that you find there is the number that you would expect if you thought 
that SR and CR were unlinked, as you assumed. 

Dr. Epurussi-Tayitor: The number is much too low. However, the 
calculation is not of great value since in making it, it 1s necessary to 
assume that the totality of the population is competent. The advan- 
tage of the interference method for the study of linkage lies just in the 
fact that it is not necessary to suppose that all of the population is 
competent. 

Dr. GoopcaL: Does the expected column refer to DNA _ plus 
interference? 

Dr. Epnrussi-Tayior: There is no “expected” column. The figures 
in Table 1 are experimental values, obtained in the absence and in the 
presence of competing DNA. 

Dr. Goovcat: I wonder if you might have analyzed your data by 
assuming a certain fraction of your cells are competent and determin- 
ing the frequency of doubles as a random function of the number of 
singles. In Hemophilus influenzae, if we assume that the frequency of 
transformations for singles is based on the competency of the whole 
population, we obtain far too many doubles for unlinked markers. 
However, if we make a correction for the number of competent cells 
available, assuming any frequency of transformation above 1/300 is 
due to the presence of cells which are not competent, we obtain the 
expected frequency of double transformations. 

Dr. Epurusst-Taytor: We have not done experiments of that par- 
ticular sort. The point to be made in connection with the complex 
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titration curves is that the DNA may be acting as a selecting agent. 
In the regions of the titration curve where response is no longer linear, 
the bacteria which transform may be just those which have reacted 
with the largest numbers of DNA molecules. This could give an en- 
tirely distorted picture of the relative frequencies of single and double 
transformations. 


Dr. Goopaat: If one interferes with the frequency of transformation 
of Hemophilus influenzae by adding homologous DNA, the interference 
is directly proportional to the amount of DNA added, and the fre- 
quency of doubles obtained is merely what one would expect on the 
basis of competency and the number of single transformations. There 
does not seem to be any complication in this respect. 


Dr. Luria: If I understand the point correctly, you suggest that 
there is a fraction of competent cells, whereas Dr. Ephrussi-Taylor is 
making the very interesting point that the proportion of competent 
cells may in itself be determined by the amount of DNA to which they 
have been exposed. 


Dr. EpHrussi-Taytor: Error would obviously be introduced by only 
a fraction of the cells being competent, and this fraction has never been 
determined in any experiment I know of. What I am saying in connec- 
tion with my data is that when one employs a concentration of DNA 
at which multiple hits are frequent, it is just those cells which have 
reacted with a large number (5-10) of molecules which will appear 
preferentially as transformed cells. These cells would also be expected 
to give double transformations. 


Dr. Lurta: In a numerical sense that amounts to the same conclusion. 


Dr. Benpicu: It may be appropriate at this point to mention some 
of our work (carried out jointly with Drs. S. M. Beiser and H. B. 
Pahl) on the determination of transforming activity in fractions of 
pneumococcal DNA which have been obtained by a fractionation pro- 
cedure using a substituted cellulose anion exchanger known as 
ECTEOLA (cf. A. Bendich, J. R. Fresco, H. S. Rosenkranz, S. M. 
Beiser, J. Amer. Chem. Soc., 77, 3671 (1955) ). Except for the fact that 
it was possible with this pneumococcal DNA preparation to demon- 
strate a particular biological activity (transformation to streptomycin- 
resistance), it was like the DNA from a wide variety of other sources 
in that it too appeared to consist of a mixture of polynucleotides. The 
chromatographic pattern of the pneumococcal DNA is shown in 
Figure 1. The DNA was placed on a column of the cellulose exchanger 
and fractions of DNA were obtained by passing through solutions of 
increasing sodium chloride concentration followed by sodium chloride 
solutions of increasing pH. A number of fractions were obtained and 
certain of these were tested for their ability to transform pneumococci 
to streptomycin-resistant cells. The relative specific transforming ac- 
tivity of these fractions is given in Table 1 which lists the composition 
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35 Four-marker transforming DNA(3.2 mg.) 
from pneumococcus 0n 0.5 g ECTEOLA- 

2.0 CELLULOSE-SF column (0.8x 5.1 cm.) 
Flow rate 8m. /hr. 

Fie) 

1.0 

0.5 

50 


| 


(260 mp) x 8 


OPTICAL DENSITY 













20 80 10 170 260 290 
FRACTION NUMBER 
Seer necr 0.0 to 0.1 MNH3—*01I to LO MNH3——4.0M NH, 

eS) 20MNaCl |o 
Molarity, NaCl: 5 Molarity, NH: ° 
al heh 2 | 4 | z 
= 
0.04 | 0.28 | 2 \o004| 0.052 0.18 0.56 io 
0.2 035 |N 0026 fe) 

O.1M phosphate, pH 7 0.5 M NaCl ABU 190 





Fig. 1. Profile obtained by chromatography of pneumococcal transforming 
DNA on the substituted cellulose anion exchanger ECTEOLA (cf. E. A. Peterson 
and H. A. Sober, J. Amer. Chem. Soc., 78, 751 (1956). 


of the eluent in terms of sodium chloride molarity and pH. In the last 
three columns are given the results of three sets of transforming 
activity measurements. Streptomycin-resistance activity was found in 
many different fractions and relative transforming activity varied 
some fifty-fold from fraction to fraction. It is of considerable interest 
that some fractions were five times more active than the original. It 
would appear that the DNA of these pneumococci consists of different 
molecules of greater or lesser streptomycin transforming activity, as 
well as molecules which do not show this property. There was no evi- 
dence that the fractionation procedure caused loss of biological activity. 
A discussion of the possible significance of the heterogeneity of the 
DNA from pneumococcus and other sources is given in A. Bendich, 
H.B. Pahl andS. M. Beiser, Cold Spring Harbor Symposia for Quanti- 
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TABLE 1 


£ 
CHROMATOGRAPHIC FRACTIONS OF PNEUMOCOCCAL DNA 
(Transformation to Streptomycin Resistance) 








; Composition of Eluent 
Fraction 





Number Molarity, Molarity, pu Relative Transforming 
aCl NH; Activity 
‘iginal 7.0 1.0 1.0 1.0 
: Ke 0.17 7.0 0.7 0.8 0.7 
27 0.19 7.0 0.2 0.4 0.2 
29 0.21 7.0 0.5 0.6 0.4 
32 0.25 7.0 0.4 0.1 0.04 
35 0.28 7.0 1.2 0.8 1.9 
40 0.32 7.0 0.9 0.7 1.20 
67 0.45 7.0 0 0.1 0.06 
78 0.47 7.0 0 0.1 0.03 
99 0.50 0.02 8.4 1.9 1.8 2.0 
173 0.50 0.22 9.5 5.1 4.2 
190 0.50 0.56 10.4 1 1.0 
260 2.00 1.0 11.0 5.1 4.8 





tative Biology, 21, in press. 

Dr. Austrian: I should like to mention two phenomena which we 
have encountered in the study of doubly encapsulated pneumococci. 
When the DNA from a wild type I strain is applied to a partially 
encapsulated type II strain of the SIII-1 variety described originally 
by Ephrussi Taylor, two types of cells are obtained from this trans- 
formation: ordinary type I cells and cells which produce simultaneously 
both type I and type IIT polysaccharides. These latter cells give rise 
to clones which, on blood agar plates, appear identical to those formed 
by fully encapsulated wild type III cells and they produce apparently 
normal amounts of type III polysaccharide. When such doubly 
encapsulated cells are analyzed by the Ouchterlony agar precipitin 
technique, they are found to produce two distinct capsular components 
which give reactions of identity with either the type I or the type III 
capsular polysaccharide obtained from wild-type singly encapsulated 
cells) When DNA from a doubly encapsulated strain is applied to a 
non-encapsulated strain of pneumococcus, three types of clones are 
obtained: the SIII-1 variant which produces negligible amounts of 
type III polysaccharide, the wild type I variant (SI) and a few doubly 
encapsulated variants (SI-III). The interesting fact revealed by this 
experiment is that the presence of the type I genetic unit in association 
with the SIII-1 unit leads apparently to restoration of the normal 
synthesis of type III polysaccharide by the cell without any alteration 
of the SIII-1 unit itself. When DNA is extracted from the doubly 
encapsulated SI-III cell, it behaves as if the two genetic units control- 
ling capsule formation have been unmodified and not as if the DNA 
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from the SI cell had contributed something to the reconstitution of a 
normal SIII unit by alteration of the mutant SIII-1 factor. 

As noted above, when the DNA of an SI strain is applied to cells of 
an SIII-1 strain, two capsular variants are obtained with regularity: 
SI and SI-III. The reaction may be represented schematically in 
the following fashion: 

SIII-1 - 
cell = --- |———_______|____L_______| --- 
DNA --- |———_|_____| --- 


If only the SI unit is exchanged, SI-III cells result. If both units from 
the SI cell “cross over,” SI cells are the product of the transformation. 
When the DNA from SI-III cells is applied to the parent SITI-1 strain, 
the results of transformation are different, as SI-III cells predominate 
overwhelmingly following this reaction and SI cells are found extremely 
rarely in contradistinction to the result obtained by applying SI DNA 
to the same SIII-1 variant. If the reaction of SI-III DNA with SIII-1 
cells is diagrammed in a fashion analogous to the scheme employed 
above, a reasonable hypothesis to explain the observed results may 
be developed: 
SIII-1 - 
cell = --- |——_______|__________ --- 
IR eae a a TS 
SIII-1 Ss 
If only the SI unit is exchanged, SI-III cells result. If both capsular 
genetic units from the SI-III strain are exchanged, however, SI-III cells 
are again the product of the reaction. Thus, by modifying the genome 
of the cell supplying the SI unit so that it now contains the SITI-1 unit, 
one can alter significantly the products of the transformation. 

Dr. Kapian: I was wondering, Dr. Ephrussi-Taylor, if you have 
made any chemical or physical measurements of your x-ray-treated or 
succinic-peroxide—treated material. Did you see any spectral changes 
or other changes after treatment? 

Dr. Epurussi-Taytor: That work is just really getting under way. 

Dr. Dory: From a little work that Dr. Ephrussi-Taylor and I have 
been doing together on the physical changes undergone by DNA upon 
x-radiation, we find practically no optical density changes in the ultra- 
violet over the range of radiation required for major inactivation. 

Dr. Luria: I would like to ask Dr. Ephrussi-Taylor a question. How 
much trust do you put in this factor 10 in molecular weight, or a factor 
10 in volume based on the assumptions of target theory—that is, one 
ionization, ion distribution, and so on? Generally one assumes that a 
factor of 10 of uncertainty is about as good as you can get in this 
kind of calculation. 

Dr. Epurussi-TAaytor: We consider the volume obtained to be an 
upper limit. It is, of course, difficult to know how the ionizations occur 
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and act. I am not responsible for that calculation, nor competent to 
defend it to any extent. The assumptions made were checked by using 
phage 5 13 as a control material. Its choice was determined by the fact 
that it is small—believed to be of the order of size of the DNA mole- 
cule. Subsequently, doubt has been thrown on the identity of the 
granules measured by Drs. Elford and Hotchin, which they believed 
to be phage 8 13. Dr. Stent has pointed this out to me. 

Dr. Watson: Your calculation assumes that every ionization within 
the DNA molecule results in loss of biological activity. If this is not 
so, molecular weight could be much larger. 

Dr. Luria: There are two types of corrections we can make in such 
types of measurements: one would make this the maximal estimate, but 
assuming that there still may be some residual indirect effect. The 
other correction would make the estimate minimal since it 1s assumed 
that every ionization is effective. Especially in a molecule of the type 
of DNA you may find that only a few ion clusters are completely 
effective. You don’t know how much damage you need to destroy the 
biological activity. 

Dr. Epurussi-Taytor: When one speaks of the efficiency of ioniza- 
tion, this may simply be a less explicit way of saying that part of the 
molecule is not needed for biological activity. 

Dr. Luria: Radiobiologically you can distinguish in this way. It is 
not a matter of one ionization not being effective. It’s the fact of the 
ionization not being distributed completely at random. You have a 
waste effect. For all we know, in the material described it may be 
a factor of 10. 

Dr. Epurussi-Taytor: You feel, then, that the, radiobiological data 
fit fairly well with the physical-chemical data? 

Dr. Luria: I have long given up trying to find any too good fit in 
radiobiological data. 

Dr. Stent: In the case of bacteriophage T1, some experiments of 
Adams and Pollard show that, under the conditions of irradiation 
employed by you, actually less than one-tenth of the ionizations are 
effective. Adams and Pollard found that the x-ray sensitivity of dried 
T1, where the indirect effect is excluded, increases by a factor of ten 
when the temperature of irradiation is raised to 100° C. Thus. at low 
temperatures many ionizations are wasted which could have become 
effective during irradiation at higher temperatures. 

_Dr. Leperserc: I have a very elementary question. I want if pos- 
sible to get on the record some simple numbers—for example, the 
amount of DNA there is per cell, the amount of DNA that is required 
in these cases for transformation, and so on. 

Dr. Epurussi-Taytor: I have not determined the amount of DNA 


per cell, but in connection with the question of the minima] amount of 
DYNA per transformation, it should be pointed out that it is impossible 
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to calculate it from kinetic data, for at all DNA concentrations at 
which one obtains transformations there are vastly more molecules 
present than are taken up. From the dose-response curves, one ends up 
with a figure of the order of 103 per transformation, but this only means 
that transformation is an inefficient process. 

Dr. LepersBerG: Then how can you do an assay of activity at all if 
you don’t exhaust a measurable part of the material you are assay- 
ing for? ; 

Dr. Epurussi-Tayior: One assays the numbers of transformations 
induced at a series of concentrations of DNA. 


Dr. Horcukiss: You can measure the effect of something without 
exhausting it from the medium. A good example is the glass electrode, 
which exhausts a very negligible amount of hydrogen ions but records 
the chemical potential or concentration of these ions very accurately. 
In one experiment we attempted to show exhaustion when two cultures 
were successively exposed to the same DNA. Penicillin-resistant cells 
were added after penicillin-sensitive cells, to varying amounts of DNA 
to see how many could be transformed by the remaining DNA. We 
found the same number, whether or not other cells had been present 
and transformed, so with a biological marker there was no detectable 
exhaustion of DNA from the solution. There are now at least three 
groups—Dr. Fox in our laboratory, Drs. Goodgal and Herriott here, 
and Dr. Lerman in Colorado—studying the behavior of a chemical 
marker, P32, in this kind of material. When you measure P** you can 
detect the absorbed DNA, and I believe all of these people are getting 
the impression that only a small number of particles are being taken 
up per transformation. Dr. Fox’s experiments suggest that this number 
may be around 3 per recorded transformation of a particular marker. 

Dr. LeperBerc: What does an assay curve mean, then? 

Dr. Horcukiss: You are measuring the rate of supply, in other 
words the effective concentration, of biologically active DNA. 

Dr. Luria: You are measuring this in the same way as you can 
measure the amount of antibodies in large excess, by measuring the 
number of, let’s say, bacteriophage particles that can be inactivated 
in the presence of excess antibodies. A change of the concentration of 
antibodies will change the rate of inactivation, 

Dr. LEDERBERG: Does this mean that by putting in twice as many 
cells you will get twice as many transformants? 

Dr. Luria: That’s what Dr. Ephrussi-Taylor said at the beginning. 

Dr. Goopcat: First of all, I want to mention that in Hemophilus one 
ean readily measure the amount of DNA taken up from solution, either 
by measuring the uptake of DNA directly by means of P#?-labeled 
DNA or by determining the amount of DNA taken out of solution by 
transforming cells. Cells and DNA are mixed and incubated ; then 
the cells are removed by centrifugation. A transformation titration 
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experiment will determine the amount of transforming factor left in 
solution or taken out by the cells. One can remove practically all of 
the DNA with a suitable number of cells and a suitable amount of 
DNA. Or, one can remove a very small amount of DNA, then add 
more cells, and find about the same number of cells transformed. The 
experiments that Dr. Hotchkiss and Dr. Ephrussi-Taylor report prob- 
ably result, as they have indicated, from having removed only a small 
fraction of the DNA which they add. 


PROPERTIES OF THE TRANSFORMING PRINCIPLES * 


STEPHEN ZAMENHOF 
Department of Biochemistry, 
College of Physicians and Surgeons, 
Columbia University, New York 


THIS DISCUSSION will deal with only one type of those biological sub- 
stances known as transforming principles or transforming agents. It is 
proper to explain first why the study of these substances should be of 
particular interest. The evidence presented in preceding contributions 
to this Symposium and to be added in those which are to follow clearly 
points to nucleic acids as being determinants of heredity. The evidence 
in the field of virus research seems even to indicate that the nucleic 
acids are the sole determinants of heredity in these simple living entities. 
As to cellular organisms, the evidence is still insufficient, in my own 
opinion, to determine that the nucleic acids are the sole heredity 
determinants of all the hereditary characters. In other words, there is 
still no proof that all cellular substances other than nucleic acids are 
entirely devoid of the master properties of self-determination and 
self-reproduction. Nevertheless, the studies on the transforming phe- 
nomena leave little doubt that some of the (mutable) hereditary 
characters are determined solely by deoxyribonucleic acids (DNA) 
and that any help received by DNA from other substances is not of 
the determining (“master”) kind. 

A biochemist is naturally interested in studying such biologically 
active substances in vitro and in vivo. The DNA of bacterial viruses 
or of metazoa can be obtained in vitro but thus far cannot be reintro- 
duced into the living system to see whether they are still active. The 
situation in the field of crystalline plant viruses may be more prom- 
ising, as will be shown by Dr. Fraenkel-Conrat later on in this sym- 
posium. However, in those small and simple living entities the nucleic 
acid is of the ribose type and is therefore of less interest for the study 
of bacterial viruses and of all the cellular organisms where the heredity 
determinants seem to be nucleic acids of the deoxyribose type. Thus, 

1The author’s investigations reported in this paper were supported by research 
grants from the National Institutes of Health, Public Health Service and from 
the American Cancer Society. 
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for the study of biologically active DNA we have at present only one 
tool, the transforming principles. 

The transforming principles indeed offer some unique possibilities: 
they can be extracted from the cell, purified, chemically identified, and 
analyzed; they can be chemically changed in vitro, reintroduced into 
the cell, and studied to establish the relationship between the change 
in structure and the change in function. In short, this mode of attack 
offers possibilities of applying to the problem of heredity the same 
rational approach which yielded elucidations in so many fields of 
biochemistry and biophysics. 

While the foregoing reasons for an interest in the transforming 
principle appear personally to be the most important ones, the bio- 
physicist’s interest may often come from the study of DNA itself. 
In early chemical approaches the DNA was subjected to degradation, 
with complete disregard of the macromolecular nature of the substance. 
This error was compénsated for in the last decade by extensive 
biophysical studies of the giant molecule of DNA; but biophysicists 
soon faced a dilemma: whether their substance was indeed “native” 
or was actually degraded. The discovery that certain purified highly 
polymerized DNA’s have transforming activity but lose it on the 
slightest degradation, provided the desired yardstick of “intactness”; 
for although no one can say whether this DNA preparation is in the 
same state as the DNA that exists in the cell, the “functionally intact” 
unit seems important enough to warrant study, and constant enough 
to serve as a standard. 

Another reason for interest in the transforming principle is a prac- 
tical one. Subtle reactions of certain agents, notably mutagenic, car- 
cinogenic, and carcinostatic ones, with DNA can often be demonstrated 
by studying the loss of transforming activity, long before these reac- 
tions can be apprehended by any chemical or physical method. On the 
other hand, several carcinogenic and carcinostatic agents have no effect 
on the transforming activity. This may indicate that the primary 
action of these substances is through cell components other than DNA. 

The above points will be discussed below. To avoid repetition, 
the transforming phenomenon itself will not be discussed here and will 
be considered merely as a detector of activity of the transforming 
principle. However, the transforming phenomenon involves several 
steps, and at present it is not possible to decide which is (are) respon- 
sible for inactivation in any particular case: thus, if a transforming 
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principle loses its ability to transform, it might be due to any of the 
following (hypothetical) failures: the inability to penetrate into the 
cell, to reach the genetical locus, to displace the previous occupant 
(DNA) of the locus, to attach itself to the protein of the locus, to 
reproduce itself (even though established in the locus) or to exert its 
phenotypical action (even though reproduced), ete. 

The chemistry and physics of DNA itself have been the subject of 
many reviews (cf. 59). I will therefore discuss only these subjects 
with reference to the transforming principle. 

Tue CHEMICAL NATURE OF THE TRANSFORMING PRINCIPLES 

In 1944, Avery, MacLeod, and McCarty (5) found that the purified 
transforming principle has all the properties of a highly polymerized 
DNA. Their conclusion that the transforming principle 7s DNA was 
based on the following observations: (1) elementary analysis of the 
transforming principle shows it to correspond to that of DNA; (2) 
chemical tests reveal the presence of DNA in the transforming prin- 
ciple; no other substance could be detected in it by either chemical or 
physical (ultracentrifuge, electrophoresis) methods; (3) serological 
tests fail to detect the presence in it of any immunologically active 
substances (such as polysaccharides); (4) of several enzymes tested, 
only (crude) deoxyribonuclease (DNAase) was able to destroy the 
transforming activity. At the same time, physical studies (viscosity, 
ultracentrifugation) revealed that the substance is in a highly poly- 
merized state. These findings, especially that of destruction by 
DNAase, were amplified by further studies of McCarty and Avery 
(41). 

In subsequent years, there was some criticism of the identification 
of the transforming principle with DNA (45). The main points of 
eriticism were the following: (1) the chemical methods were not sensi- 
tive enough to exclude the presence of some impurity (such as protein) 
which might be responsible for the activity; (2) even accepting the 
evidence that the destruction of DNA by DNAase destroys the activity 
of the transforming principle, it could still be that DNA is not active 
alone, but merely in combination with some such hypothetical protein, 
so that the destruction of either moiety would result in inactivation ; 
indeed, for a long time the genes were believed to be nucleoproteins in 
which various proteins were carriers of specificity, whereas the undi- 
versified DNA was merely an unspecific prosthetic group ; and (3) the 
failure by a few proteolytic enzymes to destroy the transforming 
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activity does not by itself prove the non-protein nature of the trans- 
forming principle, because proteins are known which resist many 
proteolytic enzymes. 

To answer the first point of criticism, attempts were made in recent 
years to improve the methods of purification and analysis. Zamenhof 
et al. (69, 62) purified the transforming principle of Hemophilus 
influenzae to the point where it contained less than 0.4 per cent (re- 
ferred to DNA) of each of the following impurities: proteins, immu- 
nologically active substances, and ribonucleic acids. No loss of bio- 
logical activity occurred during the gradual removal of impurities 
(cf. also 28). Hotchkiss (30) found less than 0.02 per cent of protein in 
his purified transforming principle of pneumococcus. According to a 
recent estimate (62), the amount of DNA sufficient to transform one 
cell of H. influenzae is of the order of 10-8 pg.; an impurity of 0.01 
per cent would correspond to about 6 molecules of a molecular weight 
of 10°, or less than one of a molecular weight of 10°. Thus, one has 
approached the situation where the protein nature of the transforming 
principle can be excluded on purely analytical grounds. 

Besides the above studies, some recent ones offer more suggestions 
(but no absolute proof) that the transforming principle is DNA. 
Crystalline pancreatic DNAase in concentrations lower than 104 
vg./ml. produces a 10-fold decrease of activity within 28 minutes (62). 
The temperature at which the transforming principle begins to lose its 
activity (81° C., 1 hr.) is the same as the temperature at which the 
viscosity of the bulk of the preparation begins to decrease. The pH 
values (on both the acid and alkaline sides) at which the activity 
begins to decrease are again the same as the pH values at which the 
viscosity begins to decrease (62). Thus, the active molecule of the 
transforming principle seems to behave like the average molecule of 
DNA. Two hours at pH 14.0 (30° C.) or 1 hr. at 98° C. (pH 7) fail to 
destroy completely the activity of some transforming principles (70). 
Few, if any, other biologically active substances would be that stable. 

In summary, extensive evidence favors the view that the transform- 
ing principle is DNA; no evidence to the contrary has ever been 
presented. 

CoMmPosiITIoN 

As already mentioned, the chemical analysis of the purified trans- 
forming principles reveals only the presence of normal components of 
DNA: nitrogenous bases, deoxy sugar, and orthophosphate, all in usual 
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proportions (5, 28, 69, 62). Of these, only the proportions of individual 
purines and pyrimidines may be of more than routine interest, in view 
of the observation that these proportions (for the whole DNA) are 
characteristic for the species from which they have been derived (14) 
(for a review, see 59). Such analyses have as yet been made only for 
the transforming principles of pneumococcus (28, 15), H. influenzae 
(60, 63), and the hypothetical transforming principle (DNA) of 
Escherichia coli (25). The molar ratios of individual purines and 
pyrimidines for the DNA of pneumococcus and of H. influenzae, 
although characteristic of their respective species, are not far from 
the values of human DNA, that is, the DNA of their host (14). On 
the other hand, the values for DNA of FZ. coli are strikingly different; 
in fact, this is the only analyzed DNA in which the molar ratios of 
individual purines and pyrimidines are close to unity. No satisfactory 
explanation of this peculiarity can be offered at present. 

The principle that the composition of the whole DNA is character- 
istic of the species from which it was derived does not necessarily 
imply that this composition is unchangeable; the alteration of DNA 
composition by a change in the nutrient medium has indeed been 
demonstrated (56, 18, 67, 66, 74). When EH. colt was grown in the 
presence of 5-bromouracil, 5-iodouracil, or 5-chlorouracil, a consider- 
able part of the thymine in the DNA (up to 48 molar per cent in case 
of 5-bromouracil) became replaced by these “unnatural” analogs of 
thymine. The change is readily reversible. It has recently been dem- 
onstrated that the change occurs also without DNA synthesis de novo 
and that the composition of DNA at any particular moment is merely 
a function of the environment (74, 75). 

Space will not permit a detailed discussion of these findings. One 
might add, however, that the presence of unnatural bases in the medium 
is not a prerequisite for a change in the DNA composition: as reported 
recently by Dunn and Smith (19), the content of 6-methylaminopurine, 
which occurs naturally in the DNA of Z. coli, can be changed more 
than 10-fold merely by changing the thymine content of the medium. 

The effect of these changes in composition on the transforming 
activities in pneumococcus or in H. influenzae has not yet been studied, 
because of the difficulties in introducing the “unnatural” bases into 
the DNA of those species. However, the transformation of £. coli has 
also been reported (7-9, 33), and in another approach a study has been 
made of the effects of the replacement of half of the thymine in DNA 
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by 5-bromouracil on the phenotype and the genotype of that species 
(66). 


HETEROGENEITY 


The data reported in the literature for the composition of the DNA 
of any species refer to the whole DNA preparation from many, pre- 
sumably identical, cells. A chemist will, of course, be interested to 
know whether the preparation really represents a single chemical 
species or a mixture of many. If one performs a transformation experi- 
ment using the principle from a donor carrying several transformable 
characters (‘““markers’’), each of the resulting transformed cells carries, 
as a rule, only a single marker (4, 29, 2) ; thus, the preparation behaves 
like a mixture of independent transforming particles. The doubly 
transformed cells occur as rarely as predictable from the probability 
of two independent particles hitting the same cell (29, 32) (an inter- 
esting exception will be discussed later on). On this basis one usually 
assumes that the DNA of each cell consists of many different mole- 
cules (different chemical species) that determine different hereditary 
characters. 

The nature of the difference could be manifold. The molecules could 
differ in sequence of nucleotides or in steric pattern or in pattern of 
bonds, such as hydrogen bonds, or in some other unknown features of 
this kind. If these were the only differences, the analysis of the mix- 
ture could still represent the actual analysis of each molecule. If, on 
the other hand, the molecules differ in proportions of individual purines 
and pyrimidines, then the analysis refers merely to the aver age com- 
position. This difference in proportion could be due to an actual dif- 
ference in pattern, or merely to the difference in length of the molecule: 
since the distribution of individual bases is dyssymetrical (64), the 
difference in length might result in a difference in proportion. 

At present no method exists to test the possibility that the differences 
between various DNA molecules of the same species are merely dif- 
ferences in nucleotide sequence or bond pattern. On the other hand, 
the detection of the heterogeneity in length might be within the sensi- 
tivity of the present methods. Stern and Atlas (54) found that the 
DNA preparations from calf thymus, upon ultracentrifugation, show 
polydispersity, which suggests the existence of such an heterogeneity 
in length of the molecule. The solutions used for this study were rather 
dilute (0.04 per cent), as otherwise me: iningless hyper-sharp bound- 
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aries are obtained. It might be stressed that such results are only 
as good as the preparation studied. Many steps in preparation, and 
especially failure to exclude the action of DNAase, may result in a 
depolymerized and therefore polydisperse artifact; indeed, the DNA 
prepared by an early Hammarsten method (DNAase action not ex- 
cluded) were polydisperse (54) even at concentrations (0.9 per cent) 
at which carefully prepared DNA gives hyper-sharp boundaries. 

That the DNA molecules of one species can actually exhibit de- 
monstrable differences in their proportions of individual purines and 
pyrimidines has been shown by the important discovery of DNA frac- 
tionation (13; see also 12, 6, 38, 11). In these experiments it has been 
shown that the DNA preparations from calf thymus or from EF. coli 
are non-homogeneous in so far as their dissociation from basic proteins 
or from ion exchangers is concerned. This phenomenon has been used 
as a basis for the separation of DNA into several fractions. Such 
results would be explicable if the size or the acidie characters of the 
molecules were different. The analysis of the fractions obtained in 
some procedures revealed that they differ in proportions of individual 
purines and pyrimidines. The compositions of the whole DNA prepa- 
rations recorded in the literature are therefore not the compositions 
of individual molecules but of the averages of compositions. 

It would be of obvious interest to study whether the transforming 
principle preparation carrying several “markers” can be separated into 
fractions, each containing one marker only. Attempts in this direction 
are under way in several laboratories, but to date only preliminary 
results have been published (22, 6, 37). One difficulty is that some 
preparation and fractionation procedures result in a considerable 
inactivation of the transforming principle, so that the “fractionation” 
achieved may actually represent merely a separation of injured mole- 
cules or a “fractional inactivation”: as will be shown further on, the 
individual markers in the same preparation of the transforming prin- 
ciple vary indeed greatly in so far as their resistance to inactivating 
agents is concerned. 

Add that it has never been demonstrated that the differences in com- 
position or length of individual molecules have any relation to dif- 
ferences in the determinants of heredity carried by these molecules: it is 
still possible that a molecule on reproduction changes somewhat its 
composition or length (see also last chapter), while still retaining 
its heredity determinants functionally unchanged. 
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Tue “Native STATE” or DNA 


The study of the chemical nature and composition of DNA may 
eventually be undertaken even with degraded preparations of the trans- 
forming principle (provided that no fragments are lost). On the other 
hand, the physical study of the size and shape of the molecule demands 
that the subject of study be as “native” as possible. 

At present, it is not known whether even a most carefully isolated 
DNA preparation can be identical in all respects with the DNA as it 
existed in the living cell (65): the DNA is found in the cell not as such 
but merely as part of a nucleoprotein, which, in turn, may have bonds 
to still other substances. The term “native” when applied to the prepara- 
tion of DNA in vitro is therefore rather misleading. What this usually 
means is that such a preparation exhibits certain features which it 
must have had when it was in the living cell. The most obvious and 
the most important of these features is the proper biological activity. 
It is indeed a feature of which one can safely say that it could not 
have been created artificially by the process of isolation. Such an 
active DNA preparation may be called “functionally intact” and can 
serve as a yardstick. Obviously, its properties are more constant and 
are of more interest than the properties of the products of some unde- 
termined degree of “denaturation”; in particular, the studies of the 
functionally intact DNA preparation may disclose a correlation be- 
tween the function and the structure. 

As discussed before, the transforming activity is such a proper 
biological activity, which can be demonstrated in certain bacterial 
J)NA preparations; these DNA preparations can therefore be called 
functionally intact. The studies of DNA preparations other than these 
are open to the criticism that the starting material was a product of 
degradation. While a completely satisfactory study of such function- 
ally intact DNA preparations cannot be offered at present, advantage 
can be taken of the fact that the DNA of different species exhibits 
similarities in resistance to various agents (68); thus, a DNA isolated 
under conditions which would not inactivate another DNA having 
transforming activity may lead to a “functionally intact” product. 
Another possibility is to add small amounts of active transforming 
principle during the isolation of any DNA (68). This transforming 
principle is to signalize the absence of denaturation. The recovery of 
the activity in the final preparation of a DNA is an indication that 
the latter has not been mistreated. 
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PHYSICAL PROPERTIES OF THE TRANSFORMING PRINCIPLES 


Avery, MacLeod, and McCarty (5) have made some qualitative 
studies of the behavior of the transforming principle during ultra- 
centrifugation and electrophoresis, and concluded that in these respects 
the transforming principle resembles calf thymus DNA. The ultra- 
violet absorption spectrum was also similar to that of calf thymus 
DNA. 

Zaienhof et al. (69) determined the electrophoretic mobility of the 
DNA of H. influenzae possessing transforming activity: the ascending 
mobility was —17 10° sq. em./v./sec., in 0.15 M aqueous sodium 
chloride which was 0.02 M with respect to sodium phosphate (final 
pH 7.2). The entire transforming activity was associated with this 
DNA fraction. A quantitative study of the viscosity of a similar 
preparation has also been made (62); the specific viscosity, when 
measured under similar conditions, was again similar to that of calf 
thymus DNA or human spleen DNA (68). From an x-ray diffraction 
study of pneumococcal transforming principle (57), the crystalline 
structure was found to be similar to that of calf thymus DNA. 

An attempt to determine the molecular weight of the pneumococcal 
transforming principle by electron and deuteron bombardment has been 
made by Fluke, Drew, and Pollard (24); the molecular weight so 
estimated was 6 < 10°, which is similar to values obtained by the 
light-scattering method for calf thymus DNA (16, 52, 50, 10). 

The measurement of the sensitive volume inactivated by x-rays 
yielded values from 7 X 10° to 5 X 10° (44, 23). The discrepancy 
may be apparent rather than real, since the method may actually 
measure the size of the vulnerable region of the molecule and not the 
molecule as a whole. As will be shown further on, even small injuries 
to the molecule of DNA produce its complete inactivation; thus far, 
an integral molecule seems to be necessary if there is to be any activity 
at all. This does not preclude the possibility that the actual active 
center (or centers) is (are) smaller than the entire molecule (see 
below). 

The discontinuity in the curve of inactivation by x-rays (44, 23) 
has been interpreted as signifying that the active particles fall into 
two classes differing in size (44). In the author’s opinion such a con- 
clusion may be questioned, since many factors other than the size may 
account for differences in stabilities (compare last section). It should 
also be noted that the x-ray irradiation method, which involves drying 
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of the transforming principle prior to irradiation (44), 1s open to 
objection inasmuch as drying is known to injure the transforming 
principle (62). In general, caution should be exerted when using 
pneumococcus for quantitative studies because pneumococcal cultures 
contain deoxyribonuclease, which may have a chance to injure the 
transforming principle both during the isolation and during the testing 
of the activity. As will be shown further on, injured DNA molecules 
are artifacts which behave differently from the intact product. 


THe MOLECULE OF THE TRANSFORMING PRINCIPLE 


In the foregoing sections each transforming principle has been 
chiefly discussed as if a single substance; yet in the section on hetero- 
geneity it was shown that a preparation of the transforming principle 
of a single species may actually be a mixture. In this section the 
emphasis will be mainly on a single molecule of the transforming 
principle. 

One of the first questions in such an approach is to ask: how many 
molecules of transforming principle are necessary to transform one cell? 

The lowest concentration of transforming principle which will still 
accomplish transformation in pneumococcus has been estimated by 
Avery, MacLeod, and McCarty (5), by McCarty and Avery (41), and 
by Hotchkiss (28) to be of the order of 2 & 10% to 10? ypg./ml. 
These weights refer either to the weights of a purified preparation, or 
to the weights of DNA, which for all practical purposes are equivalent. 
Although seemingly low, these concentrations still represent 2 >< 108 
to 10° molecules of DNA (of a molecular weight of the order of 
5 & 10°) per ml. In these studies the number of the transformed cells 
was not counted, and therefore the amount of DNA per single trans- 
formed cell could not be estimated. As mentioned above, for a study 
involving very small amounts of DNA, the pneumococecus is not best 
suited because of the presence of DNAase in the culture. 

A quantitative study has been recently made with the transforming 
principle of H. influenzae (62). In one type of experiment a small total 
volume (0.02 ml.) was used, and the minimal total amount of DNA 
necessary to transform at least one cell was determined: the value so 
obtained was 3 & 107 pg. In another type of experiment the number 
of transformed cells was counted; the minimal amount of DNA per 
transformed cell was found to be 10°8 png. Assuming the molecular 
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weight of DNA to be of the order of 5 & 10°, one can calculate that 
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the number of molecules of transforming principle (computed as mole- 
cules of DNA) necessary to transform one cell in this system is of the 
order of 10°. 

It is of interest to compare this minimal effective amount of DNA 
with the total amount of DNA in one cell of H. influenzae. This latter 
amount has been found to be 2 & 10—* pg. (62); thus the minimal 
amount of DNA necessary to transform one cell is only five times 
higher than the total amount of DNA in the cell. (This estimate is, of 
course, independent of the actual molecular weight of DNA). 

The section on the heterogeneity of DNA contains a discussion of 
the premise that each DNA molecule of the cell is different because 
each determines a different hereditary character. If such an assump- 
tion is made here,” then the number of molecules of DNA of one kind 
necessary for transformation would be of the order of five. If this 
number can further be reduced, support will be gained for the 
hypothesis that practically all molecules of one kind are active. If, 
in addition, every DNA molecule in the cell is assumed to be a poten- 
tial transforming principle, then the physical and chemical behavior 
of the bulk of the DNA preparation represents the physical and 
chemical behavior of the active molecules. Obviously, more evidence 
is needed before such a view can be fully accepted, but even at the 
present status of the matter the “infectivity” (31, 48) of DNA particles 
is comparable to that of bacterial viruses. 

If one assumes the molecular weight of DNA to be of the order of 
5 & 10°, then the above figure of 2 « 10—® pg. DNA per cell corre- 
sponds to 200 molecules. Even if one assumes that all the molecules 
of DNA in the cell are functional, there still appear to be too few of 
them to serve as determinants of all the hereditary characters of the 
cell. One is tempted to speculate that not all the characters are deter- 
mined by DNA or else that one molecule of DNA determines several 
characters. That the latter may be true is indeed suggested by the 
discovery of multiple transformation in H. influenzae (386) and subse- 
quently in pneumococcus (32, 49, 3). In H. influenzae a new strain ab 
has been obtained by exposing cells of type b to the transforming 
principle from cells of type a (TP,). The new type produces two 
capsular substances (a and b) at once and yields a new transforming 
principle TP, capable of producing ab cells from competent receptor 

“Obviously, this study is not meant to contribute to the problem of hetero- 


geneity as such; if several DNA molecules in the cell carry the same marker, then 
on ; ent oe ers 9 
more than five molecules are necessary to transform one cell (22). 
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cells. These results cannot be obtained by simply mixing TP, and 
TP, in vitro. 

In the pneumococcus, the exposure of sensitive cells to the trans- 
forming principle from cells bearing two genetic markers produces 
more cells bearing two markers than would be expected from randomly 
distributed, independent transformations. Again, this result cannot be 
obtained by simply mixing the two transforming principles in vitro. 

Several explanations of these interesting phenomena appear possible 
at present. (1) It might be that each of the two markers is carried by 
a separate DNA molecule, but these molecules are linked by some 
such device as a protein bridge. The experimental evidence speaks 
against this explanation: the protein content of the preparation can 
be reduced to less than 0.02 per cent (30); the usual deproteinization 
(involving protein denaturation) (36,°32) and autolytic proteolysis 
(32) did not abolish the “linkage.” (2) Perhaps a linkage between the 
two independent DNA molecules is caused by some direct bond which 
resists rupture in the preparative methods. This explanation (purely 
speculative) would mean that the aggregate would have a double 
molecular weight, and this might result in some fractionation during 
the purification; no evidence of such fractionation has been obtained. 
(3) If no evidence for either explanation (1) or (2) is forthcoming, 
then the most likely explanation may be that, indeed, one molecule 
of DNA can determine more than one genetical marker. Just how one 
molecule of DNA can reproduce faultily in the presence of another 
one (in the same locus?) remains entirely in the domain of speculation. 
It is to be noted that the idea that a faulty reproduction of DNA 
(mutation?) is always an extremely rare phenomenon may not be 
correct. 


Tue RESISTANCE TO PHYSICAL AND CHEMICAL AGENTS 


The literature on the effects of physical and chemical factors on 
DNA is rather voluminous; however, the starting material for these 
studies was in many cases prepared by the methods which are now 
known to give denatured and therefore less resistant DNA. Here the 
discussion will be limited to studies in which the starting material had 
full transforming activity. Most of the studies have been done on the 
transforming principle of Hemophilus influenzae because the cultures 
of this organism do not contain detectable amounts of deoxyribo- 
nuclease (62). 
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Avery, MacLeod, and McCarty (5) reported that the crude (but not 
the purified) transforming principle of pneumococcus withstands heat- 
ing for 30 to 60 min. at 65° C. Zamenhof, Alexander, and Leidy (62) 
made a quantitative study of the resistance to heat of the purified 
transforming principle of H. influenzae. This study revealed that both 
viscosity and activity of the transforming principle are indeed rather 
stable to heat. In citrate buffer a decrease (in both properties) occurs 
only after 1 hour of heating to temperatures higher than 81° C. The 
change in concentration of DNA does not affect the stability. These 
stabilities are much greater than those stated above for the activity of 
the purified transforming principle of pneumococcus and for the vis- 
cosity of DNA of calf thymus (26, 46). That this discrepancy is not 
due to the species difference is shown by the fact that when human 
DNA and calf thymus DNA were prepared and tested under condi- 
tions similar to those used for the transforming principle, they exhibited 
a similar stability, as demonstrated by viscosity measurements (68). 
This high stability is undoubtedly partly due to the avoidance of 
unstabilizing steps (initial enzyme action, dialysis, drying). 

The température coefficients of the (biological) inactivation rates 
between 85 and 95° C. are very large, and suggestive of large energies 
of activation. If the phenomenon for DNA is similar to thermal 
denaturation of protein, the above finding may mean that in order to 
produce comparable denaturation more bonds (H-bonds?) or stronger 
bonds must be broken in the case of DNA than in the case of most 
proteins. 

It is interesting to note that those molecules of the transforming 
principle which remained active after a sub-lethal treatment with heat 
lose their stability to heating at 76° C. or even to storage in the cold 
(71, 72). This subject will be fully discussed further on. 


2. H+ and OH— ions 


Avery, MacLeod, and McCarty (5) reported that the inactivation 
of pneumococcal transforming principle occurs more rapidly at pH 5 
and below. A quantitative study of the resistance to acid and alkali 
of purified transforming principle of H. influenzae (62) revealed that 
both the viscosity and the activity are completely stable over a wide 
range on either side of pH 7.4 (the normal pH of the human blood). 
This stability may be species-specific. It has been shown (65) that 
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in yeast cells, whose cytoplasm has a much lower pH, the region of the 
stability of its DNA is extended towards a lower pH. 

As in the ease of heating, those molecules of the transforming prin- 
ciple which remained active after a sub-lethal treatment with acid lose 
their stability to heating at 76° C. (pH 7) or even to storage in the 
cold (71, 72). 

Beyond the stability range, a rapid drop of activity occurs accom- 
panied by a loss of viscosity. At pH 5 (the threshold of stability for 
H. influenzae DNA), less than one primary phosphate group per 10+ 
is undissociated; thus, one might conclude that in order to be active, 
the transforming principle must be in the form of a salt (deoxyribo- 
nucleate). However, at the low pH the inactivation might also be a 
result of the removal of purines (and/or hypothetical hydrogen bonds 
to these purines). A study (62) of the amount of such a “depurina- 
tion” of the transforming principle reveals that a 100-fold inactivation 
concurs with the removal of less than two purines per thousand; thus, 
practically every purine may be necessary for the activity.* 


3. Deoxyribonuclease 


Avery, MacLeod, and McCarty (5) observed that crude DNAases 
from dog intestinal mucosa, pneumococcus autolysates, or normal sera 
inactivate the pneumococcal transforming principle. McCarty and 
Avery (41) studied inactivation by purified pancreatic DNAase, and 
Hotchkiss (28) that produced by streptococcal DNAase and by erys- 
talline pancreatic DNAase; 2.5 & 10+ yg. of the latter per ml. were 
sufficient to decrease the activity. 

Zamenhof, Alexander, and Leidy (62) made a quantitative study of 
the effects of erystalline pancreatic DNAase on the viscosity and 
activity of the transforming principle of H. influenzae. Less than 1074 
vg. of this enzyme per ml. was sufficient to cause a ten-fold decrease 
in activity within 28 minutes, and a complete inactivation within 140 
minutes (30° C.; 300 ng. DNA/ml.). On the other hand. the drop of 
viscosity at the beginning of inactivation is insignificant. A. similar 
lag period in the depolymerizing action of the enzyme could be dem- 
onstrated when calf thymus DNA and human spleen DNA were used 
as substrates (68). Despite this lag in depolymerization, the enzyme 


*' This may be the case only on the assumption that the 


1 active molecule behaves 
like an average molecule of DNA. 
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does exert some action in this period, as evidenced by a marked de- 
crease in activity (62) and by the loss of stability to heat (68, 71, 72) 
of the DNA preparations exposed to such initial action of the enzyme. 
The nature of the initial changes is still not clear. They may involve 
the breaking of a few phosphate bonds insufficient in number to cause 
any decrease of size of the molecule which is still held together by the 
hydrogen bonds. 


4. Lome strength 


Avery, MacLeod, and McCarty (5) observed that the purified 
pneumococcal transforming principle rapidly loses activity if dissolved 
in distilled water. A quantitative study of the effects of exposure to 
various ionic strengths on activity and viscosity has been made for the 
transforming principle of H. influenzae (62). Previous exposure to 
lower or higher ionic strengths did not affect the viscosities (as meas- 
ured in a standard buffer). On the other hand, the activities were 
reduced by the exposure to lower ionie strength but not by one to 
higher ionie strength. The previous exposure to lower ionic strength 
was also found to decrease the stability to heat (68) (as measured 
under standard conditions). The damage could be due to the breakage 
of a few vital bonds, such as hydrogen bonds, during the stretching 
caused by repulsion of anions in the DNA molecule in the absence of 
salts (62, 55). 


5. Dehydration 

Avery, MacLeod, and McCarty (5) observed that drying of the 
purified pneumococcal transforming principle from the frozen state in 
the lyophilizing apparatus results in a loss of activity. Such a pro- 
cedure usually involves dialysis prior to drying, and the reported 
inactivation may represent the combined effect of both these processes. 
Lyophilization has also been found to degrade calf thymus DNA (68). 

A quantitative study of the effect of various conditions of dehydra- 
tion and storage on activity has been made for the transforming prin- 
ciple of H. influenzae (62). None of the commonly used drying methods 
was harmless; the popular method of drying the DNA fibers with 
ethanol and ether resulted in an almost complete inactivation. Parallel 
studies on other DNA (68) revealed that the dried DNA loses its 
stability to heat (when tested in solution, under standard conditions) ; 
again, the most damaging method was drying with ethanol and ether. 
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The over-all effect of drying and of storage in the dried state may 
actually be due to several causes: instantaneous injury; slow injury by 
thermal oscillations in a molecule rendered more vulnerable; or slow 
injury by progressive dehydration. The exact nature of the injuries 
is not known. 


6. Deamination 


A quantitative study of the effects of various chemical agents on 
activity was made only for the transforming principle of H. iflu- 
enzae (62). 

Incubation of the transforming principle with 2 M or 1 M NaNO, 
at pH 5.3 resulted in a rapid inactivation of the transforming principle. 
However, the viscosity remained constant, showing that the average 
DNA molecule was but slightly altered. An estimate was made of the 
extent of deamination corresponding to a 1000-fold decrease of ac- 
tivity: this extent was found to be of the order of 0.1 per cent. Thus 
it seems that practically all the primary amino groups must be intact 
for activity to remain.® 


7. Mutagenic agents 


The agents in this very heterogeneous class will be grouped together 
here, although the mechanism of their action may be entirely different. 

McElroy (42) suggested that the processes leading to mutation and 
death are essentially the same, with the exception that the latter are 
accompanied by more extensive molecular changes. If mutation indeed 
occurs through a direct action of the mutagenic agents on DNA, then 
the inactivation of the transforming principle by these agents could be 
a demonstration of such a “too strong mutation.” 

It is to be emphasized that the transforming principle (DNA) can be 
harmlessly subjected in vitro to the action of a greater variety of (and 
more concentrated) mutagenic agents than can the DNA in a living 
cell. In the case of the transforming principle, the excess of such 
strong agents can be removed prior to the reintroduction of the trans- 
forming principle into the cell. In the case of the living cell, these 
strong agents may never reach the nuclear DNA, or they may cause 
death of the cell for reasons other than a reaction with DNA. 

Of particular interest is the phenomenon of the unstabilization of 
the active transforming principle, for this may be the first step of the 
mutational process; this subject will be discussed further on. 
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Ultraviolet irradiation. The effect of ultraviolet radiation on the 
activity of the transforming principle of H. influenzae has been studied 
quantitatively (73, 72). The curve for the inactivation of the trans- 
forming principle for capsule b formation is shown in Hig he 
results suggest a “multi-hit”’ inactivation. A dose of 500 ergs per sq. 
mm. was sufficient to cause 1000-fold inactivation. This dose is of the 
same order of magnitude as that necessary to inactivate the bacterial 
viruses (for review, see 39). It is important to note that this dose is 
about 500 times lower than the lowest dose necessary to produce any 
demonstrable decrease of viscosity of DNA by ultraviolet irradiation 
(72). Attempts at photoreactivation were not successful. 

Ultraviolet irradiation also destroys the stability of the transform- 
ing principle to heat (71, 72)—see below. 
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Fig. 1. Inactivation of the transforming principle (capsule b formation) by 
ultraviolet irradiation. The ordinate indicates the surviving transforming activity 
as percentage of the original activity on a logarithmic scale; the abscissa indicates 
the ultraviolet dose. DNA concentration, 227 ug./ml. 
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Other types of radiation. The inactivation of pneumococcal trans- 
forming principle by electron and deuteron bombardment (24) and by 
x-rays (44, 23) has already been discussed. Drew (17) subjected 
pneumococcal transforming principle to y-irradiation; cysteine was 
found to exert some protective action against this. It is interesting to 
note that pneumococcal cells injured by y-irradiation still yielded 
fully active transforming principle. 

Ferrous ion and hydrogen peroxide. The action of ultraviolet irradi- 
ation is now believed to be due to free radicals, He and OHs, and to 
peroxides formed during the irradiation of organic molecules. Similar 
free radicals are believed to be produced by Fenton’s reagent 
(Fe** + H2Oz). 

McCarty (40) observed reversible inactivation of pneumococcal 
transforming principle by ascorbic acid and several other autoxidizable 
substances. An irreversible inactivation by ascorbic acid has also been 
studied for the transforming principle of H. influenzae (72). 

Ferrous ion is autoxidized even in the absence of H,O. and may 
produce free radicals. A quantitative study of the effects of Fe” 
and H,O., alone or together, on the activity has been made for the 
transforming principle of H. influenzae (62). HO». alone had a mild 
inactivating effect; on the other hand, Fe* alone caused a 10-fold 
inactivation even in concentrations as low as 10° M and produced 
complete inactivation in concentrations between 2.8 * 10° M and 
2 x 10% M. The inactivation by Fe** alone in concentrations up 
to 2 & 10% M is not accompanied by any change in the viscosity of 
DNA. However, at concentrations ten times higher a rapid depoly- 
merization occurs (68). 

The exact nature of the inactivating damage is still unknown. An 
oxidative deamination of a few nitrogenous bases, the breaking of a 
few vital labile bonds, or both, might be postulated. Extensive damage, 
including depolymerization, deamination, dephosphorylation, splitting 
of bases, and even breakage of sugar and of purine and pyrimidine 
rings, can be produced by Fenton’s reagent in concentrations much 
stronger than those used in the above study. The identification of the 
products of such vigorous reactions has recently been reported (53). 
However, it is doubtful whether products of the same kind are involved 
in the mild reactions which cause inactivation of the transforming 
principle or which oceur during sublethal mutagenic treatment by 
free radicals, 
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Formaldehyde, reported to be a mut agenic agent (47, 20), in strong 
concentrations (4 M) causes both inactivation and a Agirehas in the 
viscosity of the transforming principle of H. influenzae (62). A prob- 
able interpretation is that for maldehyde reacts slowly with the primary 
amino groups of adenine, guanine, and/or cytosine, and that in this 
reaction enough labile bonds (hydrogen bonds?) are broken to cause 
a decrease in the asymmetry of the molecule as well as inactivation. 
The latter may again be indicative of the importance of free amino 
groups for the activity of the transforming principle. 

Mustards. Herriott (27) studied inactivation of pneumococcal trans- 
forming principle by di(2-chloroethyl) sulfide (mustard gas). This 
mustard in a concentration as low as 6 & 10° M was able to cause 
complete inactivation in 2 hours. The inactivation of the transforming 
principle of H. influenzae by various nitrogen mustards was studied 
by Zamenhof et al. (73, 72). Di(2-chloroethyl)-methylamine (HN2) 
causes a complete inactivation at a mustard concentration of 10° M. 
A 10-fold decrease of activity (of capsule b formation) is observed at 
a mustard concentration of 10—° M (6 hrs., 23° C.), which is 300 times 
lower than the lowest concentration producing any detectable decrease 
in the viscosity of DNA (72). The inactivating power of this and 
other nitrogen mustards for the transforming principle seems to be of 
the same order of magnitude as the carcinostatic power of these com- 
pounds, and suggests some correlation between these phenomena (73, 
72). Such results cannot be predicted from the chemical reactivities 

from the DNA-depolymerizing power of the compounds. The 
transforming principle which survives the mustard treatment also 
undergoes a change; it becomes unstable to heat (71, 72). 

Other alkylating agents. The mutagenic agents dimethyl sulfate, 
diethyl sulfate, methyl iodide, and B-propiolactone have been quan- 
titatively tested for their ability to inactivate the transforming prin- 
ciple of H. influenzae (72). In general, they were comparable in this 
respect to the monofunctional nitrogen mustard (HN1). 

The main reactions of compounds of this kind with DNA are: (1) 
alkylation of amino groups (especially primary amino groups) of 
nitrogenous bases; and (2) esterification of the phosphate groups. 
Recently, a study has been made (51) of these reactions at the low 
concentrations of these compounds sufficient for inactivation or un- 


stabilization. 
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The study included a monofunctional nitrogen mustard N,N-diethyl- 
B-chloroethylamine (HN1) as well as dimethyl sulfate and diethyl 
sulfate. The study revealed first that the purine bases were much 
more reactive than the pyrimidines. At the lowest concentrations of 
dimethyl sulfate which still cause inactivation, only one derivative of 
bases could be demonstrated in the DNA so treated. The derivative 
was tentatively identified as 7-methyl guanine. Esterification of the 
phosphate groups was also detectable with some reagents. Thus, as 
far as this study is concerned, both alkylation and esterification might 
be responsible for inactivation or unstabilization. 

Non-inactivating agents. The study of agents which even in high 
concentrations do not inactivate the transforming principle may be 
of interest from both the theoretical and the practical points of view. 
Such a quantitative study has been made for the transforming prin- 
ciple of H. influenzae (62, 73, 72). For convenience only, these agents 
have been divided into groups: 

(1) Protein denaturing and sterilizing agents, in many cases do not 
cause any inactivation of the transforming principle. Urea (4M) can 
serve as one example (72). This finding may be regarded as a further 
indication that the transforming principle is not a protein or a virus; 
and that to produce denaturation more bonds (H-bonds?) or stronger 
bonds must be broken in the case of DNA than in the case of most 
proteins (see also section on “Heat’”). From the practical point of 
view, such a study helps to devise deproteinization methods harm- 
less for DNA. 

(2) Agents reported to have mutagenic action in general, strongly 
inactivate the transforming principle. However, a few were found 
(manganous ions, urethane, acriflavine, etc.) to have no inactivating 
effect at all. The nature of this discrepancy is not clear. One of many 
possible explanations is that such agents need the presence of the call 
to show any action on DNA, either mutagenic or lethal. 

(3) Carcinogenic and carcinostatic agents are of two classes (73; 72), 
( a) those (as discussed before) which even in minute doses completely 
inactivate the transforming principle (U.V., mustards) ; (b) and those 
which have no inactivating effect at all (methylcholanthrene, ure- 
thane, carcinogenic azo dyes). The mechanism of action of some of 
these agents (such as azo dyes) may not involve DNA at all. Others 
may again need the presence of the cell to show any action. 
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Summary. The effects of strong mutagenic agents on the transform- 
ing principle of H. influenzae have been summarized in Table 1. This 
table also includes agents (H*, DNAase, HNO.) for which mutagenic 
action has not yet been demonstrated; this may be due to the inability 
of these agents to reach DNA in the cell. 

In general, the transforming principle is sensitive to all strong 
mutagens. This fact may suggest that the DNA is indeed the site of 
their mutagenic action. Obviously, more direct evidence is needed 
before such a view can be fully accepted. 


THE UNSTABLE TRANSFORMING PRINCIPLE 


As mentioned above, the sublethal treatment of the transforming 
principle of H. influenzae by heat, acids, mustards, deoxyribonuclease, 
or ultraviolet irradiation results in a product which is unstable to heat 
or even to storage in the cold (71, 72). The kinetics of inactivation by 
heat reveal that more than one reaction is involved (such as unstabil- 
ization followed by inactivation). When the transforming principle, 
rendered very unstable by a sublethal heat, ultraviolet, or mustard 
treatment, was used for transformation experiments, the transformed 
cells yielded transforming principle which was completely stable: thus, 
the change (unstabilization) in vitro was not retained on reproduction 
and therefore was not a “mutation in vitro.” 

The chemical nature of a true mutation is, of course, still unknown. 
If it concerns DNA at all, it may involve any of the changes mentioned 
in the discussion of differences between individual DNA molecules 


TABLE 1 
INACTIVATION OF THE TRANSFORMING PrinciP_e or //. influenzae 
BY Mutacenic AGENTS 


(Character transferred: capsule b formation. 
DNA 200 ug./ml.; 23° C., 6 hrs., except as noted). 








Agent Mutagenicity Conc. or Dose for 10-Fold Inactivation 

Ht ? ies Han) Stout , 

yAase ? <8 X 10° wg./ml. f~10-") 
= fo oe 2b nin BHEGr 
HNO, ? <5 X 10°M 
Fe*+ + 105M 
Ultraviolet + 200 ergs/sq.mm. 
¢-Propiolactone aa <10-°M 
Nitrogen mustard HN» + 10°M 
Dimethyl sulfate + 3 X 10¢°M 
Diaminobiuret + 4 X 104M 


Urea 4 M—no inactivation 
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(sequence of nucleotides, proportions, etc.), see section on Hetero- 
geneity. At present, any such change could be visualized as a (rare) 
fault occurring during DNA reproduction. However, the probability 
and the location of the fault along the DNA molecule may be deter- 
mined by a preceding process, the gene unstabilization (61). 

It has repeatedly been suggested (1, 58, 43, 35) that the first action 
of the mutagenic agents is to bring the gene into an unstable state from 
which it can either return to the previous state or change into a stable 
mutant gene; this secondary change may not require the presence of 
the mutagenic agent any more. The phenomenon of delayed mutations 
may point in this direction. It is conceivable that such unstabilization 
is also possible in vitro and that the unstabilization of the transform- 
ing principle is indeed a demonstration of such a change. 


DIFFERENTIAL STABILITIES OF INDIVIDUAL HEREDITARY DETERMINANTS 


The study of the loss of viscosity in DNA preparations as a whole 
has revealed that the average stability of DNA molecules towards 
various agents is similar in different species (H. influenzae, 62; human 
and ox, 68). However, in some species the stability may be extended 
to meet special environmental conditions (such as low pH in yeast, 65). 

It is of interest to study whether zndividual heredity determinants 
differ in their stabilities. Such a study, in vitro, can be done only on 
transforming principles. Marmur and Fluke (44) were unable to dem- 
onstrate any difference in the stability of several pneumococeal trans- 
forming factors towards ionizing radiation. The stability towards 
other agents has been quantitatively studied in the transforming prin- 
ciple of H. influenzae (70) and is reported below. 

Purified transforming principle was prepared as described before. 
using as donors streptomycin-resistant encapsulated strains of types 
b, ec, or d. Each preparation thus carried two “markers”; as receptors, 
streptomycin-sensitive non-encapsulated strains R, or Ry served. The 
transforming principle was exposed to various agents as described pre- 
viously (62, 72). The results are represented in Figs. 2 and 3. 

It will first be seen that several transforming activities differ in 
stability : In the case of ultraviolet irradiation a dose up to 60 times 
higher is required to produce the same amount of destruction in activity 
for streptomycin resistance (from type b) as for activity for produe- 
tion of capsules b or ec. Such a study also reveals (Fig. 3) that the 
activity for streptomycin resistance from type b is not identical with 
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that from type d. Possibly they depend on different heredity deter- 
minants. 

The differences in stability of the activities for capsule b formation 
and for streptomycin resistance are most pronounced in the case of 
ultraviolet irradiation. However, these differences can easily be dem- 
onstrated also for other agents, such as nitrogen mustards (Fig. 3), 
heat, H*, or Fe**. As already discussed, the processes leading to 
inactivation by these agents are probably different; however, the 
present results suggest that some feature or features of stability may 
be common to all these agents (though, as shown here, different for 
different heredity determinants). The inactivation by OH— seems 
to be an exception: no differences could be detected in that case, a fact 
which suggests an entirely different mechanism of inactivation. 
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Fic. 2. Stability to ultraviolet irradiation of the following transforming activi- 
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lic. 3. Stability of the transforming activity for capsule b formation (curve 1) 
and the transforming activity for streptomycin resistance in type b (curve 2) to 
the action of the nitrogen mustard p-di-(2-chloroethyl)-amino-phenylalanine (DL) 
(6 hrs., 23° C.). The ordinate and the DNA concentration as in Fig. 1; the 
abscissa indicates the concentration of mustard. 


The study also indicates that it is possible to “separate” the mixture 
of heredity determinants by completely destroying some of them but 
not completely destroying the others.4 

In several cases the above properties did not seem to be substantially 
affeeted by the choice of receptor (homologous or heterologous) nor by 
the passage (reproduction) of a transforming principle through a 
homologous or heterologous receptor (i.e., there was no significant 
“host modification” caused by the passage). 

It is also of interest that even the more resistant activities begin to 
decrease at a temperature or a pH value at which the viscosity of the 
bulk of the preparation begins to decrease. The stability of the activity 


*The finding that some heredity determinants show higher resistance to 
mutagenic agents than others may have a bearing on the phenomenon of induc- 
tion of phage development (intact DNA?) in lysogenic bacteria (for review, see 
34). It is also of interest to note that this development is not induced by those 
reported mutagens which in the present work have been found not to inactivate 
the transforming principle. 
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for streptomycin resistance (in type b) is not uniformly high. The 
curves of this stability to ultraviolet irradiation (Fig. 2) and to the 
action of nitrogen mustard (Fig. 3) first drop more rapidly, but even- 
tually reach a very distinct plateau. This fact suggests that some of 
the molecules may be much more stable than others. Thus it appears 
that not only individual heredity determinants as wholes, but also 
individual molecules within (presumably) a single kind of heredity 
determinant differ widely in stability. A break in the exponential 
inactivation curve was also observed by Ephrussi-Taylor and Latarjet 
(23) in their study of the inactivation of pneumococcal transforming 
principle by x-rays. In order to test whether such diverse stabilities 
are due to the presence of several heredity determinants or to 
heterogeneous stabilities of what is essentially a single heredity 
determinant, those authors repeated the transformation but using the 
more resistant fraction of the transforming principle remaining after 
sublethal irradiation. The transformed cells yielded a transforming 
principle which again showed heterogeneous stabilities. This result 
suggested that here a single heredity determinant, which on repro- 
duction assumes heterogeneous stabilities, may be involved. 

Essentially similar results were obtained in the present study with 
the transforming principle of Hemophilus influenzae. A transforma- 
tion experiment was performed using irradiated transforming principle 
(streptomycin resistance, type b) which had 1 to 2 per cent of residual 
activity completely resistant to a total dose of at least 16,000 
ergs/sq.mm. (plateau in Fig. 2). Ry, or Ra served as receptor cells, 
The transformed cells yielded a transforming principle whose activity 
could again be destroyed (in 80 to 90 per cent) by less than 900 
ergs/sq.mm. All these experiments suggest that the transforming prin- 
ciple does not breed true, at least in so far as a uniform stability is 
concerned. Several “special” cases where the transforming principle 
does not breed true have been reported in recent years (21, 36, 32, 
49,3). 

As already discussed, the heterogeneity in resistance towards irradia- 
tion may mean heterogeneity in size, heterogeneity in some other 
factors contributing to bond stability, or both. The parallel hetero- 
geneity in resistance towards other agents (mustards, heat, H*, Fe") 
may also be related to size. It follows that some heterogeneity in size 
of the active molecules of the transforming principle, either carrying 
the same or different markers, cannot be excluded at present. 
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INTRODUCTION 


EVIDENCE HAS BEEN obtained by a variety of independent procedures 
which clearly indicates that the total DNA of the cell consists of a 
complex mixture of different macromolecules (2-8, 10-12, 17, 18, 22). 
It is not known at present whether all these molecules are concerned 
with genetic function, or whether some are involved in other biological 
phenomena. Certain column chromatography procedures (4-6, 14, 16) 
have been used to advantage in the study of the transforming DNA 
of pneumococcus, because the DNA fractions which are obtained 
possess a demonstrable biological property. However, biological prop- 
erties for the DNA’s from other sources have not yet been observed, 
and therefore additional approaches by which such properties may be 
revealed have been sought. 

The demonstration by Weygand, Wacker, and Dellweg (24) of the 
uptake of radioactivity by the nucleic acid fraction of Streptococcus 
faecalis when grown in the presence of bromine-labeled 5-bromouracil 
led to the definitive experiments of Dunn and Smith (13) and of 
Zamenhof and Griboff (25), in which it was shown that the halogenated 
pyrimidine replaced the thymine of both Escherichia coli and bacterio- 
phage DNA on an equimolar basis. In EZ. coli, nearly 50 per cent of 
the thymine can be replaced. Both Zamenhof (25) and Wacker et al. 
(23) have expressed the thought that there may be among the DNA 
molecules within the cell a fraction which does not incorporate 
5-bromouracil to the same degree as do the majority of DNA molecules. 

* This investigation was supported by funds from the National Cancer Institute, 


National Institutes of Health, Public Health Service (Grant #C-471), and from 
the Atomic Energy Commission (Contract #AT(30-1)-910), 


** Fellow of the National Cancer Institute of the Public Health Service. 
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The amount of bromouracil incorporated could conceivably depend 
upon the extent to which the particular DNA molecule acts as a genetic 
determinant. 


Because of the availability of methods for the possible selective 
labeling (incorporation of 5-bromouracil) of the DNA’s of a cell and 
for the fractionation of DNA into many components, by means of 
chromatography on the substituted-cellulose derivative ECTEOLA 
(4-6), it appeared reasonable to test the hypotheses of Zamenhof and 
of Wacker mentioned above. The present study is concerned with the 
demonstration that the DNA of ZL. coli is heterogeneous with respect 
to incorporation of bromouracil. 


EXPERIMENTAL PROCEDURE 


A thymineless mutant of #. coli, Strain I‘, was grown in either 
proteose-peptone or synthetic media Sn eentae with 5-bromouracil. 
When synthetic medium was employed, a supplement of thymine was 
added. The organisms were grown for 18-24 hours at 37° C. with 
aeration, and at the end of this period the cells were harvested, washed, 
and the DNA isolated after lysis with detergent!. Deproteinization was 
carried out either with detergent (15) or by shaking with chloroform- 
pentanol (21). Ribonucleic acid was degraded with ribonuclease, and 
the products of hydrolysis were removed by dialysis against 2 M 
NaCl (19). The final product was white and fibrous, and yielded a 
clear, viscous solution. It assayed for 94-100 per cent of DNA by the 
Ceriotti test (9) when calf thymus DNA prepared by the method of 
Schwander and Signer (20) was used as a standard, and for 0-6 per cent 
of DNA by the orcinol procedure (1). 


Radioactive 5-bromouracil was synthesized by direct bromination of 
uracil-2-C!. The 5-bromouracil was freed of uracil either by repeated 
recrystallizations or by fractionation of the mixture on a Dowex-1 
(hydroxyl form) column. 

For the chromatographic fractionation of the DNA the procedure 
of Bendich et al. (4-6) was employed. Gradient elution was used, first 
with NaCl solutions of increasing concentration at constant but neutral 
pH, then with increasing pH but constant salt concentration. The 
amount of DNA in each fraction was determined by spectrophotometric 


2The strain of E. coli and details for isolating the DNA were kindly provided 
by Dr. S. Zamenhof. 
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measurement. Each fraction was dialyzed exhaustively, and the radio- 
activity of aliquots was determined to within +10 per cent error. In 
each experiment 100 + 5 per cent of the DNA was recovered from 
the column on a spectrophotometric basis, and 74-86 per cent on the 
basis of radioactivity (from an added radioactivity of the order of 
600,000 ¢.p.m.). 

The DNA was isolated from appropriate column fractions for base 
analysis. The bases were determined by spectrophotometric methods 
after paper chromatographic separation from perchloric acid 
hydrolysates. 


RESULTS AND DISCUSSION 


In a preliminary study (Experiment 1) the DNA isolated from 
E. coli grown in the presence of 5-bromouracil-2-C-14 was fractionated 
on ECTEOLA. Determinations of thymine/5-bromouracil ratios on 
DNA’s isolated from a few major pooled fractions revealed no signifi- 
cant differences between chromatographic peaks. 

Since the chromatographic pattern given by the DNA containing 
5-bromouracil might be expected to be different from that of normal 
DNA, the absence of significant differences in the thymine /bromouracil 
ratio between peaks was ambiguous. This result might mean either 
that (a) there was a uniformity in uptake of bromouracil by all the 
DNA’s in the cell, and therefore all column fractions had the same 
amount of bromouracil per unit of DNA, or (b) the population of 
DNA’s within the cell was heterogeneous with respect to bromouracil 
content, but the cellulose exchanger, or the method of sampling used, 
did not permit discrimination between a DNA containing 5-bromouracil 
and one from which this base is absent. 

Since the latter interpretation was subject to test by experimentation, 
the following was carried out (Experiment 2): two separate cultures 
of £. coli were grown simultaneously under the same conditions except 
that one culture was supplemented with 5-bromouracil-2-C!4, Each 
culture was harvested and washed separately and the wet weight 
determined. The moist cells from both cultures were then mixed in such 
proportions that approximately one-third of the final weight was due 
to those cells which had been grown in the presence of bromouracil. 
The intimately mixed cells were lysed and the DNA isolated. This 
DNA, when fractionated on a column of ECTEOLA, gave the infor- 


. - : - ; , > 
mation shown in Fig. 1 and Table 1. It is to be seen in Fig. 1 that sou 
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Fic. 1. Chromatography on ECTEOLA of 3.9 mg. of DNA isolated from an 
E. coli mixture composed of two parts (by wet weight) of cells grown in the 
absence of 5-bromouracil-2-C14 and one part of cells grown in the presence of 
this pyrimidine. Of the total radioactivity added to the column (252,000 c.p.m.), 
76 per cent was recovered in the 58 per cent of the fractions which were dialyzed 
and assayed for C14 content. The stippled area represents the DNA content of a 
fraction (left-hand ordinate), and the heavy black line the specific radioactivity 
of the fraction (right-hand ordinate). The horizontal dashed line shows the 
specific radioactivity of the starting, unfractionated DNA. The ECTEOLA 
column was 5.0 X 1.15 cm. See Table 1 for the calculated relative specific 
activities of selected column fractions. (This figure refers to Experiment 2.) 


fractions, especially those in the high alkaline range, have a consid- 
erable amount of DNA, but only very little radioactivity. This indi- 
cates that the chromatographic profile of the DNA which lacks 
5-bromouracil is not identical with that of the DNA which contains 
this pyrimidine. Whether some of the DNA in these particular peaks 
(those with a low specific activity) comes from those cells which were 
grown in the presence of bromouracil-C'* cannot be ascertained from 
these data. It is highly probable that the DNA in that chromatographic 
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TABLE 1 
Speciric Activity oF CoLUMN Fractions 


(E. coi DNA Containing 5-Bromouracil-2-C!4 ) . 
The data in this table are calculated from the results of Experiment 2 (Fig. 1). 














epm Sp. Act. of Fraction 
Composition of Fraction : — 

Hinent Number ug.DNA Sp. Act. of Original 
Original 66 1.0 
From 0.0 to 0.5 M 39 38 0.6 
NaCl 43 88 1.3 
55 51 0.8 
From 0.0 to 0.1 M 69 90 1.4 
NH; in 2.0 M NaCl 74 31 0.5 
89 93 1.4 
93 198 3.0 
From 0.1 to 1.0 M 94 129 2.0 
NH; in 2.0 M NaCl 97 197 3.0 
118 11 0.2 
142 + 0.1 
0.5 M NaOH 147 4 0.1 








peak which shows the highest specific activity (fractions 90-115) was 
derived almost entirely from the bromouracil-grown cells, for the maxi- 
mum specific activity attained (Table 1) is three-fold that of the 
unfractionated DNA (the proportion of labeled cells to total cells was 
1:3). A further point of interest, which will be discussed later, concerns 
the shape of the spécific activity curve within any one chromatographic 
peak. These results (Experiment 2) indicate that the cellulose 
exchanger does discriminate decisively between DNA’s which contain 
bromouracil and those which do not. The extent to which the content 
of bromouracil in two DNA’s can be different and still not. show 
chromatographic differences is not yet known. In this experiment the 
one DNA had no bromouracil, while in the other approximately 47 
per cent of the thymine had been replaced. It can be seen from the 
shape of the specific activity curve of Experiment 2 (Fig. 1) that the 
pooling of fractions in any peak would smooth out both those differ- 
ences which are present in the individual fractions of each peak, and 
those which exist between separate peaks. Since this possibility might 
explain the apparent lack of differences in the ratios of thymine to 
5-bromouracil in Experiment 1, it was considered necessary to assay 
individual column fractions of DNA obtained from a single culture 
grown in the presence of 5-bromouracil, An appropriate isotope tracer 
study (Experiment’3) was therefore carried out. 
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In this experiment (Experiment 3) a culture of HZ. coli was grown 
in synthetic medium in the presence of 5-bromouracil-2-C!!, and the 
DNA isolated and chromatographed as before (Fig. 2). A comparison 
of Fig. 2 with Fig. 1 shows that, in general, the chromatographic profile 
is similar, the main differences existing in the region of high pH. This 
region is, however, where the DNA from non-labeled cells is eluted 
(see Fig. 1), and this provides further evidence for the essential repro- 
ducibility of the chromatographic pattern even when separate DNA 
samples prepared at different times are used (6). 


It is to be seen in Fig. 2 that, in general, the shape of the specific 
activity curve follows the shape of the optical density curve, although 
the two curves are not superimposable. The same correlation is seen 
in Fig. 1. Thus it may be concluded that the shape of the specific 
activity curve shown in Fig. 1 is not due entirely to the fact that a 
mixture of DNA’s was used, since the same kind of result is obtained 
(Fig. 2) when the DNA from a single culture is fractionated. Although 
the physicochemical basis for the particular shape of the specific activ- 
ity curve is not as yet known, the observed differences in specific 
activity are significant, and are interpreted as providing evidence in 
support of the idea that the DNA population is heterogeneous within 
the cell. 

Although the nature of the experimental technique used does not 
point out the type of heterogeneity being studied here, the DNA’s 
with the lower concentration of bromouracil may have come from young 
cells, while DNA’s with the higher specific activities could haye been 
derived from older cells. This idea is intriguing in view of the recent 
report by Zamenhof et al. (26, 27) of an exchange of 5-bromouracil for 
thymine in cells which are no longer dividing. In the present investi- 
gation the cells grown in the presence of bromouracil were harvested 
after 18-24 hours. Thus the final content of bromouracil in the DNA 
could represent both that amount which was incorporated during 
synthesis of the DNA as well as that which replaced thymine by 
exchange after cell division had stopped. It would be of interest to 
repeat the present chromatographic experiments with bromouracil- 
labeled DNA isolated after various times of bacterial growth in the 
presence of that pyrimidine, since the distribution of 5-bromouracil 
along the polynucleotide chain may depend upon the mode of incorpora- 
tion, i.e., either by total synthesis or by “exchange.” A difference in 
the distribution of bromouracil residues might be expected to modify 
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Fic. 2. Fractionation on ECTEOLA of 3.0 mg. of DNA isolated from E. coli 
grown in the presence of 5-bromouracil-2-Cl4, 86 per cent of the radioactivity 
added to the column (613,000 epm.) was recovered. For each fraction, the stippled 
area shows the DNA content (left-hand ordinate) and the heavy black line the 
specific radioactivity (right-hand ordinate). 0.75 g. of ECTEOLA exchanger were 
used for the chromatography. (This figure refers to Experiment 3.) 


the specific configuration of the DNA molecule and possibly its chro- 
matographic behavior. The DNA peaks which were eluted with NaOH 
in both Experiments 2 and 3 (Figs. 1 and 2) had relatively low 
specific activities, and it is therefore possible that a portion of the 
DNA eluted in this pH region in Experiment 2 came from the 
bromouracil-grown cells. 

It has been reported that the specific transforming activity (strepto- 
mycin resistance) of pneumococcal DNA, after fractionation on 
ECTEOLA, is highest in those column fractions which are eluted in 
the alkaline region (6), In addition, it has been found (6) that the 


ratios of adenine to thymine and guanine to cytosine approach unity 


A, BENDICH, H. B. PAHL, AND G. B. BROWN 385 


in fractions obtained in this region. The specific activity of the alkaline 
column fractions of DNA isolated from bromouracil-C'-grown cells is 
low, and indicates that these molecules do not incorporate bromouracil 
to a great extent. Taken together, these three findings may indicate 
that the DNA which is eluted from the column in the later stages of 
the chromatography is related to the essential “genetic” DNA men- 
tioned by Zamenhof (25) and by Wacker et al. (23), although other 
column fractions may also have biological significance. 


SUMMARY . 


The application of the procedure for the chromatographic fractiona- 
tion of DNA to a study of the DNA isolated from EZ. coli grown in the 
presence of 5-bromouracil indicates that the DNA population is 
heterogeneous with respect to the incorporation of this pyrimidine. 
These results have been discussed in terms of the recent findings of 
Zamenhof that bromouracil can be incorporated into E. coli DNA by 
two routes: total synthesis, and exchange with thymine residues after 
cell division has ceased. 


It is postulated that the DNA eluted from the column in the region 
of high alkalinity may be more closely related to the ‘native’ DNA. 
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DISCUSSION 


Dr. FRAENKEL-Conrat: What levels of RNAase have been tested and 
not been found to inactivate the preparation? It’s the degree of purity 
of RNAase that I’m interested in. 


Dr. ZAMENHOF: That was tried in the original paper by Avery, Mac- 
Leod, and McCarty. I don’t remember the details; but we have used 
RNAase to remove the RNA from the preparation, and we have found 
that there is some inactivation because of DNAase present as impurity. 
Something like one mg. of RNAase per ce. would slowly denature the 
transforming principle. 


Dr. LepEerBerG: We just had two papers by Dr. Ephrussi-Taylor and 
Dr. Hotchkiss on the methodological difficulties of measuring inactiva- 
tion in such a system, and I wonder if you would comment briefly on 
the techniques which are used in the determination of activity of 
treated materials. 


Dr. ZAMENHOF: The method used was a titration rather than a 
method of counting the number of transformed cells, though in many 
cases we have compared the two and found them consistent; so in 
general we stick to the titration. The titration means that serial 
dilutions of the transforming principles are made, the sensitive cells 
in excess are exposed to it, and the lowest concentration of DNA deter- 
mined at which two out of two samples are still transformed. We have 
been using these methods since 1951, and we have accumulated a lot of 
data. We have recently subjected these data to statistical analysis, 
and we find that if there is a two-fold decrease in activity it doesn’t 
mean anything statistically. A five-fold decrease is significant. You 


will notice that in our work we encounter 100,000- to 1,000,000-fold 
decreases. 
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Dr. Leprrperc: Do you find the competition effect that was deseribed 
by the previous speakers? ' 

Dr. ZAMENHOF: Not in this system. Miss Leidy found this effect 
several years ago, but not in the system where you titrate. 

Dr. Epurussi-Taytor: You say that you have tested this inactivated 
material on a number of receptor strains. To what extent are these 
receptor strains related? Can you test the capsular factor on the same 
range as you test the streptomycin-resistant factor? 

Dr. ZAMENHOF: We find that the degree of inactivation is not depen- 
dent upon the choice of receptor. 

Dr. EpHrussi-Taytor: That’s not quite the question. I want to 
know whether you can test the capsular factor and the streptomycin 
factor on the same strain. 

Dr. ZAMENHOF: That is routinely done. The streptomycin factor 
and the capsular factor are tested on the same receptor stain. 


Dr. Luria: May I point out just one thing in this connection. If 
you are using a dilution end-point method, unless you have an inde- 
pendent test of the linearity of response with the amount—for example, 
in double transformed cells—sometimes the shape of the inactivation 
curve may be less meaningful than in the case where it is tested with 
a direct count method. Because of different concentrations you may 
have different numbers of responding cells for the same response. 

Dr. ZAMENHOF: That’s a very good remark. There are certain ranges 
which give us results which we cannot interpret. These experiments 
we repeat. Miss Leidy has done a thorough study of the shape of the 
curve, and this has been published. 

Dr. Benpicu: I wonder whether Dr. Zamenhof or anyone else here 
would care to comment on the very interesting and curious report of 
McCarty on the reversible inactivation of the transforming principle 
by very dilute solutions of ascorbic acid [M. McCarty, J. Expertl. Med., 
81, 501 (1945)]. If I recall the paper, one might conclude there is an 
oxidation-reduction sensitive system in transforming principle. That 
reminds me of the thing Dr. Ephrussi-Taylor was mentioning before: 
the inactivation with suecinie peroxide. Is that reversible? I wonder 
whether McCarty’s observation has been repeated and confirmed. 
There may be something in DNA that nobody suspects—perhaps an 
oxidation-reduction system reversible by sulfhydryl groups. 

Dr. ZAMENHOF: That has been repeated and not confirmed. 

Dr. Benpicu: In Pnewmococcus? 


Dr. ZAMENHOF: In Hemophilus. 

Dr. Horcukiss: It is an interesting point. I have tried to repeat it 
with peroxide which McCarty and Avery inferred was the actual 
inactivating principle in an ascorbic acid treatment. Neither after 
treatment with peroxide nor with ascorbic acid was I able to reconsti- 
tute with sulfhydryl compounds an active principle in terms of the 
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scoring methods we use now. I recall that in the original work it was 
necessary, in taking up treated material and testing for reactivation, 
to reprecipitate; so you might have in this original work a selective 
concentration of high molecular weight material. Their test was again 
the dilution end-point—in other words, how many of five cultures at 
the end-point gave transformation to see where the reaction stops. They 
used five; I think your two samples are too few. 

Dr. Cuarcarr: Does ascorbic acid inactivate? 

Dr. Horcuxkiss: Yes. It does inactivate. It is an ascorbic acid 
oxidation in the presence of copper and oxygen, and it can be imitated 
with peroxide. 

Dr. Benpicu: It is catalyzed by copper. I thought it was also done 
in the absence of copper. 

Dr. ZAMENHOF: It can be done in the absence of copper very easily. 


Dr. Watson: I would like to ask Dr. Zamenhof what the evidence is 
for bromouracil going out of the DNA without the DNA reduplicating. 


Dr. ZAMENHOF: When you grow bacteria in bromouracil medium the 
growth stops in 7 hours. There is no change in the number of cells, 
and we determined that the amount of DNA per cell is constant, so 
there is no de novo DNA synthesis. On the other hand, when you plot 
the curve of incorporation of bromouracil—that is, thymine replace- 
ment with time—you find a steep incorporation curve after 7 hours. 
You can make a very amusing experiment if you suspend the cells in 
saline containing an excess of thymine but no 5-bromouracil. There is 
no cell division. After a certain time, the cells are still incorporating 
5-bromouracil from inside the cells and not thymine. 


Dr. Papirmetster: I would like to ask the group how the DNA gets 
into the cell. The only reason I bring that up is to find out what the 
effect is of these various treatments, that you have presented here, on 
the penetrability of the DNA into the cells, since they have a negative 
charge. In other words, to rephrase the question, would these agents 
have the same effect on intracellular DNA as they do here? 


Dr. ZAMENHOF: Yes, that’s a very good question. When I say that 
the transforming principle is becoming inactive, this may cover a 
multitude of sins—it may be the inability to penetrate, it may be the 
inability to displace the existing DNA in the cell, or it may be the 
inability to act even though present in the genome. Now, Dr. Herriott 
and Dr. Goodgal have done a very good experiment on penetration of 
DNA from our strains into the cell, and maybe they’ll be willing to 
say something about it, 

_ Dr. LevINTHAL: I want to ask the people who have been doing UV 
Inactivation whether there is or is not photoreactivation of transform- 
ing factor. 

7 TAT \pe re . . 7 : 

Dr. ZAMENHOP: We have done this experiment, and there is no 
photoreactivation. 
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Dr. Luria: I think we may have to put off the answer to that until 
Dr. Goodgal takes the floor, because he promised to talk about that. 

Dr. Stent: Dr. Zamenhot, in the experiments concerned with the 
specific activities of P®? what would be the total activities of P32 in 
the different bases? I would expect, in any case, the specific activity 
of those DNA constituents which were there in the first place to be 
rather small. 

Dr. ZAMENHOF: Yes. The total is small. We calculated it per mole- 
cule of bromouracil. 

Dr. Stent: Yes. Well, what actually is the total P#?, let’s say in 
bromouracil compared to adenine? 

Dr. ZAMENHOF: I couldn’t answer that question, because Dr. T. D. 
Price has done this work; it’s in press in Nature. 

Dr. Ravin: I noticed the two markers that have the least difference 
with respect to susceptibility to inactivation—the streptomycin char- 
acter and one of the capsule characters—can come from the same cells. 

Dr. ZAMENHOF: That is correct. 

Dr. Ravin: I wonder whether this difference in susceptibility is a 
function of whether the markers come from the same cells or from dif- 
ferent cells. You have a case of a number of markers coming from 
che same cell, and they show little or no difference in susceptibility. 

Dr. ZAMENHOF: The capsular character and the streptomycin char- 
acter from the same cells of strain b show the biggest difference. 


Dr. Ravin: I see. 

Dr. R. Wituiams: I may have missed this in your talk, but when 
you were testing the effect of the mutagenic agents did you separate 
the transforming material from the mutagenic agent before applying 
it to the cells? 

Dr. ZAMENHOF: Of course, because otherwise it would be just an 
after-effect of the mutagenic agent. 

Dr. Kaptan: Does this mean that the urea would denature the 
DNA? As I understand it, doesn’t urea knock out the x-ray pattern 
of DNA? 

Dr. Watson: No. Urea doesn’t do much at room temperature. But 
if you put DNA in the presence of 6 M urea it will be denatured at a 
lower temperature. 

Dr. ZAMENHOF: Well, that makes me wonder, because in our case 
we can heat DNA to 76° C. in the presence of urea and it doesn’t do 
anything. There is another point which I didn’t discuss yet. You 
may have all kinds of responses to various agents if you start with 
slightly injured material. If you try to inactivate by x-ray the material 
which is biologically active, you find that it is about 10 or 100 times 
more resistant than the material prepared by conventional methods 
in the literature for getting DNA. This is a very important point. To 
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compare whether something does something or not, we have to use the 
same standard for the starting material. I don’t insist that this 
standard be transforming activity; but we have to have some standard, 
because we won’t understand each other. 

Dr. Luria: Do you mean, Dr. Zamenhof, that you suspect that when 
you prepare DNA in a way that is not optimal, you obtain DNA which 
is still transforming but which has already some potential damages, 
which are more readily amplified by radiation, for example? One might 
suppose that DNA with breaks in one of the two polynucleotide chains 
would be more easily breakable by another treatment. 

Dr. ZAMENHOF: That is correct. 

Dr. LEDERBERG: I have had the impression that the accessory system 
for the Hemophilus transformation is much simpler than Pnewmococcus, 
but I wonder if that’s really true. Can you do transformations in a 
defined medium without serum? 


Miss Leipy: Yes. The medium we use to carry out transformations 
usually consists of a nutrient broth (lacking X and V growth factor 
requirements), to which is added DNA, and competent cells were added. 


Dr. Leperserc: The competent cells were not grown on that, of 
course? 

Miss Lerpy: No. They are grown on a broth that in our system con- 
tains the X and V factors of heated horse blood. 


Dr. GooneaL: We can get transformation in just saline. All you 
have to do is spin down the cells, resuspend them in saline, and add DNA. 


Dr. LeperserG: Are the cells grown on a non-protein medium? 
Dr. Gooncat: No. 


Dr. ZAMENHOF: Now I would like to mention another study. This 
one is a study of calf thymus DNA, to avoid objections that what we 
do is valid only for transforming principles. It is a study of inactiva- 
tion by heat. The preparation is heated for one hour, then returned 
to normal or room temperature and the specific viscosity measured. 
The preparation was prepared like the transforming principle. As a 
matter of fact, in one case we even added transforming principle to 
serve as a marker. We found that after all these purifications the DNA 
of calf thymus was still active in the Hemophilus system, because we 
had these traces of transforming principle which were not destroyed by 
the methods of preparation. We find that DNA is indeed very stable 
to heat. Its viscosity starts to decrease only at about 81° C. In one 
experiment a preparation was subject, previous to heating, to the 
action of DNAase to the extent of a 2% of viscosity decrease. Now 
that’s something which is very easy to miss if you make calf thymus 
DNA and don’t inhibit your DNAase properly. This pre-treatment 
with DNAase produced a marked change in the stability to heat. 
his is still more pronounced when the initial drop of viscosity was 
of the order of 4% to 8%. That’s also very easy to miss, but such 
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study of the loss of stability to heat reveals that this DNA was indeed 
injured. 

Dr. Epurussi-Tayior: I would like to clear up the question of the 
action of urea. I have the impression that Dr. Zamenhof may have 
misunderstood my remarks about the action of urea. I employed 5 M 
urea—sometimes for 2 hours, sometimes for 8 hours—at room tem- 
perature. Urea has no action whatsoever on biological activity unless 
the preparation is one which you have reason to believe is aggregated, 
in which case urea increases activity. The action of urea seems to be 
uniquely one of dispersing secondary aggregation. 


Dr. ZAMENHOF: That’s how I understood it. 


Dr. Dory: I would like to make a passing comment on the effect of 
urea on DNA. It is now well known from the work of R. Thomas and 
others that DNA is partially denaturated when the salt concentration 
is too severely reduced in aqueous solution. Mr. Litt in my laboratory 
has shown that when the counterion concentration (including the 
sodium ions from DNA itself) is reduced to approximately 10—* Molar 
the viscosity falls substantially at room temperature and one hour 
at 40° C. lowers it several fold. At 0.15 Molar salt, however, the 
viscosity remains constant up to nearly 90° C. (for one-hour exposures). 
As Dr. Zamenhof first showed, the viscosity falls rapidly at slightly 
higher temperatures. These observations are consistent with the 
standard practice of always keeping aqueous solutions of transforming 
principle “protected” with moderate concentrations of salt. Dr. Rice 
and I (paper in press) found that at the usual salt concentration 
(0.1-0.5 Molar) the effect of 8 M urea is to lower by 19° the narrow 
temperature range in which the thermal denaturation takes place. 
Thus in the presence of salt, DNA that is itself in an undamaged or 
undenatured state remains stable in the presence of 8 M urea indefi- 
nitely at room temperature and can remain unchanged for about one 
hour at 65-70° C. Now, of course, if concentrated urea is added to a 
salt-free DNA solution, whose denaturation temperature is already 
near room temperature, it will depress that critical temperature so that 
denaturation (similar to that which occurs when saline solutions of 
DNA are heated above 95° C.) will promptly oecur. Thus urea does 
lower the denaturation temperature of DNA but in the presence of salt 
the effect is unnoticeable at room temperature. 

Dr. SpreceLMAN: I was wondering, Dr. Zamenhof, if you can get 
UV-resistant strains of your organism. 


Dr. ZAMENHOF: This is under study. 

Dr. SpreceELMAN: You haven’t studied the DNA of UV-resistant 
organisms? 

Dr. ZAMENHOF: We are doing it now. 

Dr. Benzer: A question to Dr. Goodgal. On the very last point, is 
this photoreactivation the same with different characters? 
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Dr. GoopnGau: It has only been measured on one so far. 

Dr. Horcukiss: On that same point, when you say that Hemophilus 
isn’t photoreactivable, you mean for growth—that is, photoreactivation 
of UV killing? 

Dr. GoonGau: Yes. 

Dr. Luria: What about photoreactivation of the transforming prin- 
ciple in the whole cell? What happens if you radiate this transform- 
ing principle, let it get into the cells, and then expose to visible light? 
Do you get a higher ratio of transformation? 


Dr. Gooncat: In the experiment that we tried it didn’t work with 
Hemophilus. 

Dr. Luria: But in this system you are dealing with the transforming 
principle from Hemophilus and with the extract from E. coli? 


Dr. GooncGat: That’s right. 


Dr. Luria: One thing which seems to stand out from the discussion 
this afternoon is that the molecular size of the DNA involved in 
transformation seems to be assuming more or less stable, unitarian 
features. On the other hand, the work of radiation seems to point to 
the existence of some sort of subunit, which is specifically responsible 
for certain transformations. Here we meet a problem that is also 
present in transduction: Are the subunits of sensitivity the units of 
specificity of the character, or the units of action in whatever pheno- 
mena are necessary as prerequisites for transformation, or are they 
the units of “crossing over” or more generally, of the genetic integra- 
tion process? There may be all these elements involved when one 
genetic material is trying to substitute for another. 


Dr. Benpicu: I think I must take issue with your interpretation or 
your conclusion that the molecular weight of transforming DNA seems 
to have taken on a stable character. The total DNA (the total trans- 
forming principle isolated from pneumococcus) is a mixture of materials 
as revealed by experiments that have been described todav and in the 
literature. We have been concerned with this mixture of materials that 
have come to be called and characterized as DNA. I didn’t have time 
today to go in detail into our fractionation experiments on the various 
component polynucleotides of the DNA. Together with Dr. H. Pahl, 
we fractionated a very fine preparation of pneumococcal transforming 
principle DNA prepared by Dr. Sam Beiser, the results of which I 
showed earlier today. Various fractions of this material were subjected 
to preliminary ultracentrifugal analysis in the laboratory of Dr. Alex 
Rich by Dr. Dan Bradley. He found some of the fractions of the 
DNA to have a molecular weight in the range of around 6,000,000. 
The early fractions coming off the column, however, appeared to have 
much smaller molecular weights. Although it is difficult to assign an 
exact molecular weight to the early polydisperse fractions, some of 
these were lower than 400,000. Some of the estimates were even lower 
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than that. There is, however, indirect evidence from our fractionation 
results that the early fractions from the column come off in regions of 
salt concentration that coincide with the place where octanucleotides 
are eluted. These are kind of small. It is indirect evidence, as I indi- 
cated, but this fractionation procedure discriminates among molecules 
of different sizes in the early portions of the chromatogram. Whereas 
the bulk of the DNA may consist of large molecules, there is still room 
for smaller pieces. 

Miss Leiwy: We have explored the reactivity of the streptomycin- 
resistance transforming agent in a study of inter- and intra-species 
transformations in Hemophilus. The term species is used with its 
bacteriological connotations. The degree of reactivity of the trans- 
forming agent (DNA) is measured in terms of the ratio of the number 
of cells transformed to streptomycin-resistant by a heterologous DNA 
to the number transformed by a homologous DNA. 

We have found, as has Dr. Pierre Schaeffer of the Pasteur Institute, 
that this “hetero-homo” ratio between species of Hemophilus is of a 
low order of magnitude. For example, the frequency of induced 
streptomycin-resistant cells in H. influenzae populations (strain Rd) 
exposed to the streptomycin-resistance transforming agent derived 
from populations of H. influenzae, H. parainfluenzae and H. suis is of 
the order of 1 per 10#, 1 per 10°, and 1 per 107 respectively. 

It is of interest that at least for H. influenzae and H. parainfluenzae, 
the “hetero-homo” transformation ratio appears to be relatively con- 
stant for a given recipient population. It also appears to be independent 
of the strain or type source of the heterologous species transforming 
agent. In other words, for these two species there appears to be a 
relatively fixed probability of heterospecies transformation, at least 
for SM resistance, for a given recipient population. 

We have also explored the reactivity of the transforming agent 
derived from cells in which resistance was induced by a heterologous 
species DNA. Such cells yield an agent which, in its reactivity, is 
similar to that of the species which has incorporated the transforming 
agent and not to the species which has donated the agent. However, its 
degree of reactivity is changed. After passage through the host 
heterologous species it becomes 4- to 15-fold more efficient in hetero- 
species transformations. 

Dr. Luria: You haven’t done any studies as to the ability of differ- 
ent cells to take up the various homologous or heterologous DNA, of 
the kind that Dr. Goodgal reported? 

Miss Lerpy: No. 

Dr. ZAMENHOF: Am I right that in one case you were able to show 
that a strain was wrongly classified because it was actually not trans- 
formed by heterologous DNA? 

Miss Lerpy: We made use of the heterotype/homotype transforma- 
tion ratio. Margaret Pittman has included another species in the 
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Hemophilus genus—H. aegyptius—that includes the Koch-W eeks 
bacillus (or conjunctival strains). There has been a controversy as to 
whether these organisms should be included in the H. influenzae forms 
or not. We received some strains from Dr. Pittman and have just 
begun working on them; and we have obtained streptomycin-resistant 
cells from one of them, have prepared the transforming factor, and 
have given it to H. influenzae forms as recipient cells and have found 
that the proportion of cells transformed is that characteristic of 
H. influenzae. In other words, the ratio is practically one, so this strain 
may belong to H. influenzae rather than a different species. 

Dr. Luria: Medical diagnostic laboratories will have to use trans- 
formation experiments routinely. 

Dr. Horcukiss: I wonder if Miss Leidy would like to comment about 
Dr. Schaeffer’s work. Also, I would like to speak about the work by 
MacLeod and coworkers on Streptococcus and Pnewmococcus cross 
transfers which are giving the same story: poor yield across “species” 
lines, therefore giving the same picture of compatibility relationships 
among the different strains. 

Miss Leipy: Dr. Schaeffer had been working with the same strain of 
Hemophilus that we use, the Rd strain, and he has reported that the 
DNA from a strain of H. parainfluenzae can induce resistance in this 
population of Hemophilus influenzae. He came out with the ratio 
characteristic of what we found for H. suis DNA rather than that 
we found for H. parainfluenzae. He did not demonstrate the recipro- 
cal transformation. 

Dr. Luria: I may point out something which may be relevant to 
the matter of efficiency of genetic exchanges among distantly related 
organisms. The same situation is found in genetic recombination 
between Escherichia coli and all of the Shigellae, in which the same 
mating system applies as among £. coli strains but routinely one finds 
that all recombination frequencies are between 500 and 5,000 times 
lower. We do not yet know whether it is a matter of low frequency 
of mating or of low efficiency of successful mating. 


Dr. AusTRIAN: There are some differences in the frequency of trans- 
formation that are also intraspecific. One finds non-encapsulated 
strains of pneumococcus which may be transformed very readily to 
certain capsular types but with almost negligible efficiency to other 
capsular types. The significance of such a phenomenon as a guide to 
speciation must be interpreted somewhat guardedly at the present time. 

Dr. Wotutman: I would like to mention, with reference to Miss 
Leidy’s account of Pierre Schaeffer’s work, that he also has recently 
studied reciprocal transformations and confirms Miss Leidy’s results 
entirely. Whether the recipient strain is H. influenzae or H. para- 
influenzae, the heterospecifically transformed cell retains some of the 
specificity of the donor. When H. influenzae, for instance, is trans- 
formed with DNA from a resistant H. parainfluenzae, the DNA from 
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the resulting transformants will behave as an H. influenzae DNA when 
tested on H. influenzae, but will exhibit a greater efficiency than a 
normal H. influenzae DNA when tested on H. parainfluenzae. Schaef- 
fer’s interpretation is that the transformation frequency reflects the 
extent of pairing between the transforming and the bacterial DNA’s. 


_ Dr. ZaAmennor: One of the possible interpretations of these findings 
is that during the reproduction of DNA of H. influenzae in the cells of 
H. parainfluenzae the composition or structure of DNA may change, 
in that it becomes more sympathetic to the host. 


Dr. Hartman: I don’t think that you need to invoke a requirement 
for a change in the structure of DNA carrying the specific genetic 
information you are studying. Although perhaps grossly the same, 
the genomes of two bacterial species certainly are not identical. The 
many points at which these small differences in genetic constitution 
occur may interfere with synapsis, a process which you would almost 
have to regard as a step in the transformation process. The low effi- 
ciency of transformation of a particular locus, found in inter-species 
tests, may be increased after integration of a marker into a host homo- 
logous to the ultimate recipient bacterium. This increased efficiency 
may result from the replacement of synaptically less efficient genes, 
linked on the same DNA segment with the gene being analyzed, with 
genetic material of the recipient species. The portion of the DNA 
under observation (i.e., one locus) thus may not be “changed” in 
structure or composition at all. 


Dr. Epurussi-Tayior: I would like to disagree with Dr. Zamenhof 
on terminology. I don’t think you should call it a radical change in 
specificity—a vast change—I think you can only call it a genetic 
recombination. 


Dr. ZAMENHOF: Yes, all right. But the point is that it is not a rare 
change in a DNA molecule due to a typical mutation, but it is rather 
a change of the bulk of the DNA molecules. It depends on what you 
want to call it. You put molecules into the cell, and out come dif- 
ferent molecules. 

Miss Lerwy: If it may be a matter of heterogeneity of DNA so that 
you have small pieces and large pieces, then for different recipient 
strains of the same species you should get a constant heterospecies/ 
homospecies ratio. If you find that for one strain the heterospecies/ 
homospecies ratio is .02% and for another strain is something like 2% 
—wouldn’t that imply that with a single heterospecies DNA it 1s not 
a matter of selecting extremely small particles that have transform- 
ing activity? 

Dr. Luria: If I understood correctly, the point at argument was not 
so much a matter of selecting small fragments of DNA, but of selecting 
DNA in which a specific recombination ability has been restricted to 
regions of different length. 
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Dr. GooncaL: I have one comment on that point. In the original] 
transformed cell one essentially conserves the old marker as well as 
introducing a new one; that is, both markers are maintained, as Hotch- 
kiss’ experiments show. With Hemophilus we showed that those cells 
which transform actually give off streptomycin-sensitive cells, so that 
both the transforming DNA and the original streptomycin-sensitive 
DNA continue to replicate. 


Dr. AustriAN: I think one must consider the importance of the 
genome of the donor of the transforming principle as well as the genetic 
constitution of the recipient. The former factor may play a role both 
in interspecific and in intraspecific transformations. Miss Leidy and 
her associates reported (in a paper, as I recall, on new types of Hemo- 
philus influenzae) that they had a strain of H. influenzae which trans- 
formed with great difficulty to capsular type a when the type a factor 
came from a wild-type cell. But when the type a factor was trans- 
ferred to an intermediate host, the DNA from that strain transformed 
the originally refractory strain to type a with very high efficiency. I 
think, as Dr. Hartman pointed out, that minor changes in genetic struc- 
ture may also influence appreciably the genetic behavior of doubly 
encapsulated pneumococci in transformation reactions. The genetic 
structures proximate to those involved in a given reaction may have 
a considerable effect upon the efficiency of that reaction. 


Dr. Mazta: This raises in the mind of one who has not worked with 
the transforming principle the question whether you know what 
happens to those cells that are not transformed. If you are firing genetic 
material at the cells in the form of the DNA solution, you are firing 
it with a shotgun. The host cells should pick up all sorts of genetic 
material which might raise havoc with the normal balance of events 
and appear as the killing of many cells. I realize that you must design 
your experiments to screen for those that have undergone a given trans- 
formation, but what do we know about what happens to the rest? 


Dr. Horcnxiss: Since we saw a delay in the division of new trans- 
formants, we asked what about all the other cells? If there is some 
kind of metabolic setback—perhaps a genetic setback—any kind of 
indigestion at all—there should be a lot of the population besides the 
known transformants that are set back, although we weren't able to 
find any signs of them. In fact, these kinetic curves that I have pre- 
sented show a smooth progress of total cell growth right at the same 
time one is challenging with the transforming principle. 





Dr. Lurta: In line with the toughness of cells that receive an intruder, 
we must remember that you can take bacteria and shoot into them 
bacteriophage and under the proper conditions—for example, in Sal- 
monella—nearly 100% of the cells that have received 40 bacteriophage 
particles, together with all sorts of other junk that has to be accommo- 
dated in their chromosomes, all survive, and even their progeny survive. 
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BACTERIAL VIRUSES have proven to be excellent material on which to 
study the basic biological problems of genetics and replication. This 
is due primarily to their high efficiency of infection, simplicity and 
precision of assay, and ease of detecting mutant strains. In addition, 
essentially pure strains of either host or virus can be obtained in 
quantity in a relatively short time, and this permits chemical analysis 
of the various steps. 

Although it has been generally supposed that the bacterial trans- 
forming factors represent a simpler level of replicating unit than 
viruses, the papers in this section will show that some of these differ- 
ences are somewhat illusory. Thus, the nucleic acid of tobacco mosaic 
virus appears to be able to infect its host in the absence of the viral 
protein coat (10), and prophage replication in lysogenized cells is 
limited by the rate of cell division as are transforming factors and 
other genetic units. 

In discussing the virulent phages I limit consideration to the T-even 
phages of Escherichia coli because of personal experience with them 
and because investigators from so many branches of science have 
examined this system that it is probably better understood than 
any other. This review is not intended to be complete and will serve 
as a preface to the discussion of recent developments which Drs. 
Delbriick and Stent will cover. 

Perhaps a description of the gross features of the T-even coli phages 
is a useful way to introduce a discussion of this system. The T-even 
phages are tadpole-shaped viruses made up of approximately equal 
quantities (14, 37) of protein and deoxyribose nucleic acid (DNA). 


* Aided by a grant from the National Foundation for Infantile Paralysis, and 
from the U. S. Atomic Energy Commission. 
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That the nucleic acid resides in the head of the phage is suggested by 
electron microscope pictures (see Figs. 1A and 1B) taken before and 
after exposure of the phage to osmotic shock (1). This treatment 
liberates the nucleic acid into the surrounding medium in a highly 
polymerized and viscous form. Although the residual proteinous 
“ghost” lacks the faculty for replication, it retains many specific bio- 
logical functions which are usually associated with the intact phage 
(13). Thus, the host range specificity, the interference, the “killing” 
property, the inhibition of pentose nucleic acid synthesis and adaptive 
enzyme formation (32), and, finally, lysis of the host cell are all 
properties of both the phage and ghost preparations. By inference this 
leaves replication and certain other functions to the material released 
by osmotic shock. 

T2 phage infects by first attaching its tail to the host cell (2), after 
which most of the phage nucleic acid (20) and a small amount of 
soluble protein (16) pass into the cell. The phage coat, or ghost, remains 
attached to or embedded in the cell wall. Exposure of infected cells 
to large shearing forces strips 80 per cent of the ghost protein from 
the cells without altering the course of the infection (20). This sug- 
gests that any influence the ghost exerts on the cell’s metabolism is 
either initiated at the time of infection and that thereafter the ghost 





Fic. 1. Electron microscope pictures of: (A) Ts phage, and (B) Ghosts or the 


faker coats of phage T2 after osmotic shock. Photos taken by Dr. James S$ 
urphy. ; 
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is not important or else that the inhibitory function is associated with 
the 20 per cent left in the cell wall after shearing. 

Passage of the nucleic acid and the soluble protein from the phage 
coat at the time of infection means, of course, that the unit carrying 
the phage heredity into the metabolic milieu of the host is not the 
intact phage but only a fraction of it, as Northrop (30) had suggested. 
This explains Doermann’s observations (5, 6) that no infectious 
particles could be found in the host soon after infection. We shall be 
primarily concerned with this “eclipse” period, 1.e., the period between 
infection and the appearance of the first mature particle, for as 
Hershey and Rotman (23), Doermann and Dissosway (8), and Levin- 
thal and Visconti (26) have found, this is the period during which the 
hereditary units destined to become phage progeny are determined 
and formed. 


The Metabolic Picture. 


We might examine for a moment some of the metabolic changes which 
occur during the “eclipse” period. Isotopic tracers have been used 
extensively in this work. In addition, phage nucleic acid and protein 
ean be readily distinguished from the host counterparts. Phage DNA 
is distinguished by its recently discovered pyrimidine 5-hydroxy- 
methyl-cytosine (5-HMC) (43), and the phage and bacterial proteins 
are easily distinguished by serological procedures. 

Upon infection of H. coli with T-even phages the pentose nucleic 
acid (PNA) synthesis is reduced to 2-3 per cent (4, 20, 29, 40) of its 
normal rate and DNA synthesis is held up for several minutes, but 
protein formation proceeds uninterrupted (4). A number of laboratories 
(3, 18, 88) working independently have recently brought considerable 
clarity to this problem. Phage DNA synthesis apparently requires a 
prior synthesis of protein, for if protein synthesis is blocked at the time 
of infection by one or another procedure, no phage DNA is formed. If, 
however, the block is delayed for a few minutes, during which time a 
small amount of protein is formed, phage DNA is then produced in 
the usual quantities even if further protein synthesis is again blocked. 
Using sulfur-35-labelled medium and intermittent introduction and 
withdrawal (“pulse” experiments) of chloramphenicol, Melechen and 
Hershey (18) found that much of the protein that is formed in those 
first few minutes does not appear thereafter in the progeny. Inter- 
pretation of this finding will be made later. 
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In uninhibited infected cells about 50 phage equivalents of viral 
DNA are formed by the time the first mature intracellular infectious 
particle is formed (15). This pool of DNA is maintained as the phage 
continues to be formed. The precursor protein is formed only shortly 
before maturation of the phage, and the pool size is only half that 
of the DNA (21). 

Synthesis of phage DNA does not carry a prerequisite that the host 
be able to synthesize bacterial DNA, for cells which have lost the latter 
faculty through treatment with sulfur mustard are nevertheless capable 
of forming normal quantities of phage, and, of course, this involves 
DNA synthesis (12). This fact means that for the synthesis of phage 
DNA the germinal substance of the infecting phage (16) does not need 
the factor destroyed by mustard. 


The Chemical Nature of the Hereditary Unit. 


In considering the nature of the material carrying the hereditary 
information of the phage from cell to cell we find very few unequivocal 
answers. Analysis of purified preparations of Ts phage (14, 16) have 
not revealed the presence of materials in the phage other than protein, 
DNA, and a small quantity of nucleic acid intermediates; so our 
interest will be confined to the protein and DNA. There is no way at 
present of testing directly the effect of the DNA in the absence of 
protein; but the protein has been tested in the absence of DNA, from 
which result the effect of the DNA may be inferred. Cells “infected” 
with the protein ghosts produce DNA and protein (25), but these 
products do not exhibit the characteristics of phage components 
(Herriott, unpub.) ; hence, the phage determinants or factors essential 
to them were probably eliminated in the preparation of ghosts, and 
they are very likely in the material that passes into the host on infec- 
tion. Hershey (16) has shown by isotopic studies that this material 
which he calls the “germinal substance,” consists of 97 per cent DNA . 
and about 3 per cent soluble protein, but there is no property which 
permits a decisive assignment of the phage genetic functions to one 
component in preference to the other. It should be added, however, that 
the self-complementary nature proposed for DNA by Wactauie and Crick 
(41), the linear properties required for genetic material (42), and, of 
course, the nature of the bacterial transforming factors (24), make 
DNA the more attractive choice. No appreciable quantity of the 
isotopically labelled protein is transferred to the progeny (16), 
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whereas upwards of 50 per cent of the nucleic acid phosphorus is 
transferred (17, 28, 31). However, the relevancy of this information 
depends on an understanding of the mechanism of replication, and this 
remains as yet ill-defined. 

Before turning to the mechanism of replication, it will be profitable 
to continue the examination of evidence bearing on the nature of 
hereditary units in phage. Hershey (18) has pointed out that consider- 
able phage precursor DNA and only small quantities of precursor 
protein are formed during the eclipse period in which Doermann and 
Dissosway (8) observed that genetic units and recombinants are 
formed. In the phenomenon of exclusion or interference another close 
correlation exists. In this case the genetic units of the superinfecting 
particle do not appear in the progeny (9), and in a parallel manner the 
P*? of the superinfecting particle is not transferred (11). 

While the above results provide suggestive correlations, Stent has 
supplied some good direct evidence (34, 35). In his work phage labelled 
with P®2 of high specific activity was used to infect cells. At various 
intervals after infection the systems were frozen at low temperatures, 
and then the effect of P?2 decay (suicide) on the phage formation of 
the cell was determined. Phage inactivation developed as a result of 
the nuclear reaction and not from the effects of the resultant radiant 
energy. In general, Stent found that one in twelve disintegrations of 
the P22 caused a loss of infectivity for a phage particle, thus confirming 
earlier studies of Hershey et al. (22). Since at least 97 per cent of 
the phosphorus of phage is in the DNA (14), this result virtually 
establishes the essentiality of 8 per cent or more of the DNA. Rescue 
of some of the genetic markers from the inactive phage was demon- 
strated (35, 33a) by simultaneously infecting cells with both the inacti- 
vated phage and an active one of a different but closely related strain. 


Additional strong evidence of the direct relationship between genetic 
determinants and phage DNA has been furnished by Doermann and 
his associates (7), who studied the rescue of genetic markers from 
ultraviolet-inactivated phage. It seems very reasonable, though not 
proven, that ultraviolet light inactivates the phage by virtue of its 
action on the nucleic acid. Doermann found that individual markers 
are only 4 per cent as sensitive as is the phage infectivity, a relation 
which suggests the size of the marker relative to the sensitive part of 
the infectious unit. Doermann and his group also made the very 
important observation that unlinked genetic markers were inactivated 
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independently by ultraviolet light, whereas in the case of linked 
markers the inactivation of one marker was in general accompanied by 
a corresponding loss of the other. These studies by Stent and by 
Doermann constitute the best existing evidence that the genetic struc- 
tures are associated with the phage DNA. 


The Mechanism of Phage Replication. 


Several years ago Luria (27) designed an important and ingenious 
experiment bearing on the mechanism of vegetative phage replication 
when he studied the distribution of spontaneous mutants in an infected 
cell population. Analyzing individual cell bursts for the number of 
mutant phage particles, he found that a few cells contained many copies 
of the mutant; a fair number had two, three, or four, but most of 
them had only one. Scoring a large number of experiments showed that 
the individual clones fell into an exponential distribution. This is 
strong evidence that daughter units replicate, and it excludes the notion 
that only the parent serves as a template. The above geometric increase 
refers only to the genetic units and not to the infectious phage. 

Hershey (18) showed that precursor DNA forms sooner than does the 
precursor protein, whence he concluded that the nucleic acid is probably 
not formed inside a protein membrane. For some puzzling reason the 
rate of formation of DNA in these experiments was linear, not exponen- 
tial. Perhaps a study of the rate of appearance of P%2-labeled 
5-hydroxymethyleytidilic acid in the DNA of infected synchronized 
cells would yield a different result. 

Some years ago several laboratories (17, 28) found from the use of 
phosphorus-labeled phage that each cycle of progeny phage received 
only 30 to 50 per cent of the label from the preceding parent. This 
was interpreted as meaning that the P32 from the parent is distributed 
randomly in the progeny DNA and not in a specific fraction, for if it 
were the latter, each succeeding generation would get the same quantity 
of specific material, not the same percentage. However, Hershey (19) 
has recently suggested that the failure to transfer 100 per cent is a 
reflection of the inefficiencies of the many separate steps, and he now 
proposes that all the DNA is genetically potent. Hershey (21) also 
studied the transfer of C14-labeled parental DNA to progeny in the 
presence of excess unlabeled bases. Since the transfer from the parent 
was equal for all four bases and was not affected by the competing cold 
bases, Hershey has concluded that the pieces transferred must be large. 
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Stent and Jerne (36), examining the effect of P?? decay on the 
infectivity of the progeny, have determined the number of progeny 
receiving the parental label. They conclude that it is no less than 8 
and no more than 25. Interest in this work is based on the assumption 
that a transfer of label is equivalent to a transfer of nucleic acid. 
Since single cells produce many more than 25 phage particles, the 
results of these workers mean that a parental contribution is not 
required for all phage units. Stent will undoubtedly have much to 
add to this. 

In the P*? suicide studies Stent (34, 34a) made another observation 
of considerable interest in regard to the mechanism of replication. Using 
labeled bacteria infected with labeled phage in labeled medium, he 
found that the bacteria reach a point in their development where the 
infectivity becomes resistant to nuclear decay. This suggests, of course, 
that the size of the unit carrying the information has been sharply 
reduced or that the information has been passed on to some non- 
phosphorus-containing unit—although other interpretations are also 
possible. 

Finally, Hershey (18) has recently pointed out in a very clear dis- 
cussion that certain results from his own laboratory as well as those of 
others (3, 38) suggest that in Ts phage formation, protein synthesis 
appears to be a necessary early step to nucleic acid synthesis. Two 
explanations have been offered. One is that the information in the 
germinal substance is passed on to another system, e.g., protein, PNA, 
or both, before there is replication of DNA. Perhaps the enzyme sys- 
tems needed to form the phage-specifie pyrimidine, 5-hydroxymethyl- 
cytosine, and its glucosidic derivatives (24a, 33, 39) must be pro- 
duced first, after which the pyrimidine, etc., can be formed and 
incorporated into phage DNA. Hershey (18) finds it difficult to recon- 
cile this interpretation with the Watson-Crick (41) model of DNA 
and offers the alternative explanation that phage infection produces a 
metabolic block which is relieved by the synthesis of protein. Critical 
to these two explanations is the relationship of the protein synthesized 
to the genetic units of the phage. If the relationship is close, the DNA 
may be responsible for formation of the new protein. If there is no 
direct relationship, Hershey’s alternative explanation would gain sup- 
port. In this connection it may be recalled that all genetic units are 
bifunctional in that they initiate one or more series of biochemical 
reactions in addition to replicating themselves. The unusual feature 
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of the early protein synthesis, then, is that it represents a case in 
which one of the other functions is a prerequisite to replication. 


SUMMARY 


Rescue of genetic determinants following P®? decay or ultraviolet 
inactivation and the relationship of inactivation in linked and unlinked 
determinants provide the best evidence that genetic information is 
carried by the DNA fraction of the T-even coli phages. 

The mechanism of replication continues to be somewhat elusive, 
although Luria’s analysis of the distribution of spontaneous mutants 
favors a geometric process. 
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TRANSDUCTION: A COMPARATIVE REVIEW 


Puitie E. HARTMAN* 


Leonard Wood Memorial, Department of Bacteriology and Immunology, 
Harvard Medical School, Boston 15, Massachusetts 


THE TERM transduction was introduced concurrently with a description 
of a new type of genetic transfer in bacteria (218, 335). From the 
beginning, Lederberg has placed a broad interpretation upon the term, 
viz., to include any process “which differs from sex by the fragmentary 
nature of the unit of exchange” (227). A number of different systems 
of hereditary transfer in bacteria thus may be described as trans- 
duction under this generic definition. However, it is useful to have a 
term which will apply to the particular type of genetic transfer first 
noted by Zinder and Lederberg (335). Therefore, in this review, 
transduction will refer only to those processes in which a fragment of 
the host nuclear genome, other than the genetic material specific for 
the transmitting phage itself, is carried by bacteriophage particles from 
one bacterial cell to another. 

In the following sections we will examine, individually, some char- 
acteristics of processes underlying genetic transfer in bacteria, at the 
same time defining and classifying these mechanisms in so far as the 
data available will allow. Following this descriptive phase, the 
mechanics and nature of each step in the process of transduction will 
be reviewed and compared with information obtained from other bac- 
terial systems. Finally, we will outline our current understanding of the 
genetic structure of bacteria as derived from these multiple approaches. 


I. Processes LEADING TO GENETIC RECOMBINATION IN BACTERIA 
A. Mediated by free DNA}: Transformation 


We will confine our use of the term transformation to those systems 
in which cell-free and phage-free deoxyribonuclease-sensitive material 
* Present address: Université Libre de Bruxelles, Auderghem-Brussels, Belgium. 


During the preparation of this review the author was a Public Health Service 
Research Fellow of the National Cancer Institute. 
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ig. 4, 
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(1.e., DNA), genetically representative of the cell from which it was 
extracted, is used to transfer genetic characters to recipient bacteria. 
Data and concepts relating to bacterial transformations have been 
thoroughly reviewed elsewhere (180, 181, 331), and at this symposium 
by some of the most active participants in this area of research. There- 
fore, in the ensuing discussion, only certain specific aspects of the 
problem pertaining to matters connected or contrasting with transduc- 
tion will be mentioned. 


B. Phage-mediated genetic transfer 


1. Transduction 


a. Transductions involving many loci which, collectively, encompass 
a large portion of the bacterial genome. 


The classic paper of Zinder and Lederberg (335) introduced the con- 
cept of phage-mediated genetic transfer in Salmonella typhimurium. 
These workers found that bacteriophage lysates contained a filterable 
agent, inseparable from phage particles, which upon infection of recipi- 
ent bacteria could confer on them specific genetic characters of the 
donor bacteria (i.e., of the host cells upon which the phage was last 
grown). Zinder (335, 333, 334) has reviewed the extensive evidence 
relating to the identity of phage particles as agents of transduction. 

A variety of mutant markers was utilized in the study (e.g., amino 
acid requirements, fermentative abilities, streptomycin resistance, and 
serological specificity of flagellar antigens). Although a single lysate 
was able to transduce a number of different genetic markers in a culture 
of recipient bacteria, no more than one marker was donated to a 
single bacterium (335). For a particular marker, one transduction was 
obtained for approximately 10° phage particles. The multipotency of 
the phage lysate and general independence of transductions for unre- 
lated markers has been demonstrated repeatedly in Salmonella (230, 
11, 13, 14, 188, 89, 208, 334, 288, 161). Several cases of presumed 
multiple transduction (21) upon reanalysis have been shown to involve 
a single genetic determinant at a time, in harmony with the studies 
cited above (Plough, in discussion to 334). 

Several exceptional cases of multiple (joint or linked) transduction 
have been described for Salmonella. Stocker et al. (298) and Kauff- 
mann (208) found that a locus controlling the production of flagella 
could be simultaneously transduced with that controlling the specificity 
of a flagellar antigen. Demerec and coworkers (75, 76, 78, 79, 81-84, 
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161, 329, and unpub.) found that phage prepared from certain mutants 
produced dual or linked transduction with markers of other mutants 
exhibiting the same general phenotype (e.g., tryptophan requirement). 
Otherwise, with one exception (78, 82), transductions were independent. 

All known and presumed one-step mutants in Salmonella have proven 
transducible except in S. typhimurium, strain LT-2. In this strain 
markers for resistance to streptomycin, polymyxin, and azide (cited in 
42) and a particular adenine marker (329) appear to be non-trans- 
ducible, even under conditions allowing for phenomic lag. Streptomycin 
resistance has proved transducible in other strains of Salmonella (335, 
288, 11, 13). 

Lysogenizing phage is generally used for transduction, but clear 
plaque-forming mutants of these temperate phages may also be used 
to transduce genetic factors into lysogenic bacteria (334, 324). Not all 
temperate phages derived from Salmonella cultures are capable of 
demonstrable transduction activity (e.g., 308), but a considerable pro- 
portion of them are (e.g., 89, 290). This is in contrast to temperate 
phages of Escherichia coli, where most phage strains appear incapable 
of this type of transducing (cf. 193). However, two transducing phages 
have been obtained for E. coli (236, 193). These two independently 
isolated phages are related serologically and produce cross-Immunity 
(193). Lennox found that PI phage could transduce a number of 
markers in several Z. coli strains as well as between Sh igella and E. coli 
cultures. Several instances were found of joint transduction when 
markers known by other tests to be closely linked were tested; markers 
previously indicated as further apart on the chromosome were singly 
transduced. In addition, Lennox (236) and Jacob (193) found that the 
gene locus controlling the potentiality for production of lambda phage 
could be transduced by joint transduction with markers involved in 
galactose utilization. 

Phage with a generalized transducing activity is most commonly pre- 
pared by lytic passage through sensitive cells. It is not entirely clear 
whether phage released from spontaneous or induced lysis of lysogenic 
cells can carry out this function. Although positive results are sug- 
gested (cf. 335, 188, 288), the presence of phage derived from the lysis 
of sensitive cells in the donor population was not ruled out. The 
prophage PLT-22-S. typhimurium system is weakly inducible. but the 
ultraviolet dose is critical (ef, 142). It thus is difficult to prepare high 
titer lysates from these lysogenic bacteria for use in transduction. 
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Presumed and known recessive traits may be transduced to recipient 
bacteria, singly or by linkage with other nearby markers (335, 236, 82, 
161, 329). Furthermore, the progeny of transduced bacteria exhibit a 
stable heredity for other mutually exclusive alleles (e.g., 230). 

Figs. 1A and 1B schematically illustrate the process of transduction 
as outlined above and as interpreted further in sections IT through IV 
of this review. 

b. Abortive transduction. 


In the transduction of non-motile cells to motility, the progeny fol- 
lowing some transductions form stably motile clones which spread 
through soft agar (“swarms”). However, Stocker et al. (298) also 
noted a second type of effect, namely, the production of a variable 
number of colonies, composed of non-motile cells but separated from 
the parent streak and appearing as a line of colonies in the agar (“trail 
phenomenon”). “Trails” appeared about ten times more frequently 
than “swarms.” Only one “trail” could be determined as arising from 
a single transduction. ‘‘Trails” were never branched. “Swarms” never 
arose from “trails.” 

Single motile cells have been recovered by micromanipulation from 
the most distant colony of a “trail” and by transducing non-motile cells 
in a hanging drop culture and, in a second, originally bacteria-free drop 
joined to the first, picking up motile cells (296, 227, 232). The motile 
cells isolated by these procedures present the mode of inheritance 
depicted in Fig. 2. 

The inherited capacity for the production of motility-conferring 
organelles passes along a single cell line. The other daughter cell, 
formed at each division, may be phenotypically motile; it possesses 
motility-conferring particles which we will here presume to be flagella. 
The flagellum remains active in the absence of the genetic determiner 
necessary for its production. Once there is but one flagellum per bac- 
terium, at subsequent fissions this flagellum will be passed on unilinearly 
to but one of the two progeny (“unilinear transmission,” 297). 

The line of genetically altered cells thus segregates “semiclones” of 
weakly motile phenocopies. The stronger motility of the abortively 
transduced bacterium enables it to move and segregate weakly motile 
phenocopies and non-motile progeny which are immobilized at new 
sites in the agar; these are the colonies comprising the “trails.” 

An analogous phenomenon has been described by Ozeki (271) for 
transduction of purine loci in Salmonella. For technical reasons his 
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1, A. The upper part of the figure shows one end of a bacterial cell containing one 
haploid nucleus within which there is a portion of a single chromosome marked 
at several gene loci (A-E). Following infection by temperate phage, appropriate 
sensitive cells may be lysogenized or they may lyse. During the lytic response, 
the phage genome is replicated (black rods) and incorporated into maturing phage 
particles. Also during this period, there is a progressive breakdown of the host 
chromosome. Small fragments of this host genetic material also may be incor- 
porated into phage particles. In the figure this incorporation is depicted as 
occurring more or less at random and supplementary to incorporation of the 
phage genome. 

It is assumed that the ends of the bacterial chromosomal fragments, in a culture 
of infected bacteria, will be distributed at random within the short region of the 
chromosome depicted. A single, small piece is incorporated into any given phage 
particle. Gene loci will be separated and incorporated into independent phage 
particles (a) if they are not closely linked (eg, A&C, A&D,A& BE, B & D, 
B & E, etc.), or (b) if they are closely linked but are separated by a break. In 
the example shown, B and C are incorporated in a single particle and A and B 
are separated by a break. But in other cells of the same culture the break may 
occur between B and C, thus allowing A and B to be incorporated together in one 
particle while C is separately incorporated into a different particle. 

Not all of the phage particles may contain chromosomal fragments nor may all 
fragments be incorporated before lysis of the cell occurs (e.g., gene locus E). 
However, loci homologous to E may be incorporated into phage arising from other 
cells in the population. 


1, B. The phage adsorbs to the surface of, and releases its contents into, the re- 
cipient bacterium. The phage-specific genetic material (black-and-white rods) and 
the transduced fragment become separated. If the infection is lytic, the transduced 
fragment is lost to genetic analysis. If the response is non-lytic (lysogenization 
or abortive infection), the recipient cell will form a clone which can be analyzed. 

Since transduction of single markers occurs with very low frequency and the 
piece carried by the phage is small when compared with the total host genome, 
multiple infection does not influence linkage determinations. In the example 
shown, the recipient bacterium is mutant at five loci (A through E). Most trans- 
ducing phage particles will carry markers for loci not being examined (e.g., locus 
X). Also, the chances are negligible of one bacterium adsorbing two independent 
phage particles, one containing B+ and the other containing C*. 

The incoming piece synapses with the homologous portion of the host chromo- 
some and undergoes replication when the chromosome is replicated. Crossing over 
may take place at regions 1, 2, or 3. Two crossovers are required to insert the 
fragment in the chromosome, except in terminal segments, without causing a dele- 
tion of the outer chromosomal segment. If crossing over takes place randomly 
along the duplicated piece, the opportunity for crossovers between B and C will 
depend upon the closeness of their positions on the piece (i.e., on the bacterial 
chromosome). This relative proximity will also presumably play a role in their 
chances of being incorporated together originally and places a definite limit to 
the length of the chromosome which can be detected as linked to a single marker 
(See Fig. 1, A). itd 

In the example shown, crossovers in regions 1 and 2 have occurred, resulting in 
the integration of B* only. In other recipients the events could occur at regions 
1 and 3 or at 2 and 3. ; 

A segregation lag for recessives will ensue until the new genotype is separated 
by cell division from the other nuclei of the cell and from the original chromosome 
depicted here. The fate of the remaining fragments (bottom cell in figure) is 
unknown. 
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Fig. 2. Abortive transduction and motility 


The non-motile cell, A, upon infection with transducing phage gains a genetic 
fragment (black rod) which endows the cell with motility. This property is 
hereditarily carried only along a single cell line (shaded cells containing black 
rods) ; only one of the daughter cells at each division (and, thus, at any one time 
in the life of the culture) retains the inherited capacity to synthesize motility- 
conferring particles. This is termed unilinear inheritance. The other daughter 
cell, formed at each division of the genetically altered cell, is also phenotypically 
motile. This cell, or sometimes several of its initial progeny (shaded cells), 
unilinearly transmits the motile phenotype to some of its progeny. “Semi-clones” 
of phenotypically motile cells (shaded cells) are present in clones derived after 
each division of the genetically altered bacterium. The non-motile segregants 
(clear cells) and all of their progeny remain non-motile. 


analysis is indirect. Ozeki noted that treatment of certain purine 
mutants with phage prepared on cells which were wild-type at the 
given locus produced on certain media large, stably transduced wild- 
type colonies. After more prolonged incubation, additional small 
colonies appeared. When a small colony was restreaked on the same 
or on fresh medium, it again produced no more than one small colony. 
By this and similar indirect procedures, a unilinear mode of inheritance 
was demonstrable (271). 
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ce. Prophage-linked transductions. 


E. coli strain K12 carries the hereditary potential to produce a tem- 
perate bacteriophage, lambda (216). This system is inducible by a 
number of agents (316, 191, 20, 246, 328, 209, 95, 31a, 148, 254). Since 
sensitive derivatives of K12 are also available (e.g., 216), high-titer 
phage lysates may readily be prepared either from lysogenic cells or by 
lytic passage. 

The locus, lyA, is the chromosomal site which determines not only 
maintenance of the lysogenic state for A phage but also the precise 
genetic constitution of the phage produced (6, 7, 236, 193). Sexual 
recombination studies and transductions with unrelated phage have 
shown that the lyd locus is closely linked to a cluster of galactose 
markers (see section VI-A; Fig. 4). Although other prophages may 
presumably occupy a primary and several secondary chromosomal 
sites (28), the prophage of lambda appears to be specific for the lya 
locus (216, 214, 118, others). 

Lambda-lysogenic strains can be made to carry a second comple- 
mentary prophage: (a) after superinfection of lysogenic bacteria with 
an appropriate lambda mutant (7); (b) after mixed infection of sensi- 
tive bacteria with genetically marked phage (193); or (ec) after 
transduction of lyd into lysogenic bacteria, achieved with unrelated 
phage (193). When a second lambda prophage is introduced by joint 
transduction with galactose loci, in all cases the galactose marker 
remains stable and never demonstrably diploid. In about two-thirds 
of these joint transductions, the transduced lambda prophage also 
stably replaces its homologue; however, in the remaining third of the 
eases, ly is recovered in the diploid condition (193). In doubly lyso- 
genic strains, both lambda prophages are linked to galactose (7). 

The doubly lysogenic state is perpetuated in an unstable fashion. 
Progeny include the original double lysogenic types recombinant for 
various A markers or homozygous for some markers originally hetero- 
zygous, as well as clones in which only the original prophage remains 
(8, 193). 

Lysogenization with lambda thus usually results in a stable change 
only at the lyA locus; this locus sometimes exists in a state resembling 
diploidy, whereas the remainder of the genome remains haploid and 
unaltered genetically. This propensity for diploidization of the lyA 
locus is carried through even to linked transduction with nearby 
markers, which often are dissociable and stably incorporated. 
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Morse and coworkers (257-259a) found that lambda phage prepared 
by lytic infection did not transduce any genetic traits to receptive 
bacteria (also see 216). However, one transduction per 10°-107 phage 
particles could be achieved with lambda prepared from induced lyso- 
genic bacteria. The only markers transduced were the galactose 
markers closely linked with lyA. The specific genetic character of the 
gal? marker transduced was that of the bacteria from which the 
lambda was obtained. 

About one-third of the transduction clones were stable. The other 
two-thirds of the clones were unstable, segregating about once per 
thousand divisions. This instability indicated that the transduced 
marker was not replaced in the genome but, rather, that the bacterial 
chromosome was heterozygous for a small region. Most often this 
region was propagated as such. However, it was sometimes reduced 
with the segregation of haploid clones: (a) most frequently carrying 
the gal markers of the original recipient bacterium; (b) carrying the 
markers of the transduced fragment; or (c) least frequently (about 
1%) carrying a type recombinant for gal markers. Other bacteria 
(about 6% of the total “segregants”) were persistent diploids which had 
become homozygous for the originally heterozygous gal marker (259a). 

The heterozygosity most often included only the gal loci, that is, 
segregant clones from single sensitive recipients were either all lysogenic 
(259) or immune (259a). Immune recipients most frequently remained 
immune, but about 12 per cent of the immune recipients segregated 
pure for lysogenicity following transduction (259). One example was 
found where heterozygosity apparently extended over both the gal and 
lyX loci; this heterozygote, derived from an immune recipient, segre- 
gated both for lyA and for gal (259). 

Although the phage yield was low, lysates obtained by induction of 
these partial heterozygotes (“heterogenotes”’) produced a high propor- 
tion (approaching 100%) of gakactose-transducing particles (259, 
259a). These phage particles preferentially incorporate the markers of 
the fragment rather than those of the parental chromosome (259a). 

Some aspects of the lambda-galactose transductions are schematically 
illustrated in Fig. 3. 


2. Lysogenization and characters associated with the lysogenic state 
As indicated by the preceding discussion, the prophage may be con- 
sidered as a portion of the bacterial genome. It is obvious that lysogeni- 
zation thus may be taken as a form of genetic transfer akin to trans- 
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Fic. 3. Lysogenization with lambda and prophage-linked transductions 


The prophage of lambda phage (X*) resides at a chromosomal site closely 
linked to several galactose loci. When a culture of lambda lysogenic EF. coli K12 
bacteria is induced (A), a considerable number of particles of lambda phage are 
released upon lysis of the cell. When these phage particles infect sensitive (A—) 
bacteria (F), the phage is reduced to prophage; in this process its genetic mate- 
rial synapses with a region of the bacterial chromosome (G) and the genetic 
information is incorporated into the replicating bacterial genome (H) at the site 
specific for the lambda prophage. The prophage is then duplicated and transmitted 
to bacterial progeny along with the rest of the bacterial chromosome (I). No other 
genetic characters of the bacterial genome are altered. Some sensitive bacteria 
may segregate from the infected cell (G and after H) due to the multinucleate 
nature of the recipient bacterium and, perhaps, to the mode of genetic integration. 


An occasional lambda particle (B) may bring into a sensitive cell not only 
material genetically specific for the phage but, also, some bacterial markers closely 
linked to the prophage locus. This material (gal*) synapses with the homologous 
portion of the recipient genome and may be stably integrated in a manner analo- 
gous to that shown in Fig. 1, B. However, in many cases it is perpetuated in the 
diploid state (D and E). Occasionally, the fragment may be lost from the cell (D), 
so returning the bacterium to its original haploid condition, except that it is now 


lysogenic. 
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duction (also see 259a). However, the special properties of the 
bacteriophage genome and its level of independent existence are such 
that lysogenization should be considered separately. F. Jacob is to 
discuss some aspects of this problem in the present symposium. There- 
fore I shall here confine the discussion to portions of this subject which 
influence our concepts of transduction or which at first analysis may 
be confused with transduction. 

It appears that the presence in the genome of prophage not only 
endows the bacterium with a hereditary capacity for the production of 
a specific bacteriophage (or abortive development of material related 
to the bacteriophage), but it also exerts a continuous influence on the 
metabolism of the host cell, an influence detectable in various cases by 
diverse means. These alterations in the physiology of the host depend 
upon the precise genetic constitution of the prophage, as well as the 
residual genotype of the host in which it resides. Possibly because of 
its protective advantage for the specific prophage in nature and the 
sensitivity of its detection, coupled with an early appreciation of its 
existence, the most commonly found expression of this altered metab- 
olism hes in the phenomenon of immunity to homologous phage. The 
effects of the prophage are lost by the cells when the prophage, or 
that portion of its genetic constitution involved in the effect, is lost 
from the cell. 

In engendering immunity and other properties in the lysogenic cell, 
the action of prophage may be thought of as that of a modifying 
gene(s) as well as an independent functional group of genetic units. 
In turn, it is reasonable to assume that the bacterial genome might 
modify or limit some potential functions of the prophage genome. The 
bacterial genome might also exert its influence indirectly on the bio- 
chemical processes leading to phage maturation and, consequently, on 
the phenotype of progeny phage. 

At first sight, these interactions may be mistaken for transductions, 
especially for prophage-linked transductions. They are separable only 
in so far as one is able experimentally to manipulate the separation of 
the genetic material specific to the phage from other constituents of 
the genome of the cell in which it resides, 

a. Immunity. The presence of prophage confers upon the cell an 
immunity to homologous phage (reviewed in 246). In many cases, the 
homologous phage penetrates the cell but is not reduced to prophage 
and does not undergo replication: the genetic material of the super- 
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infecting phage persists in the cells and is passed to daughter cells, 
being gradually “diluted out” during growth of the culture (197,25; 
27). In still other cases, homologous phage is not readsorbed to lyso- 
genic cells (43, 37, 36). The receptor for phage adsorption may be 
absent or, since the change so rapidly follows lysogenization (43), may 
be present in masked (e.g., 268) form. The means whereby immunity 
is obtained and ultimately manifested by the lysogenic cell are 
thus multiple. 

Most studies on immunity have been concerned with related phages 
which differ in but a few specifically selected genetic characters. For 
these very closely related phages, the prophages may be considered as 
homologous with respect to the ability to confer immunity and, indeed, 
exert a gene dosage effect with respect to the level of immunity attained 
(26). More distantly related phages may also show cross-immunity 
(ef. 193). However, the data of Groman and Eaton (156) indicate that 
several more distantly related phages which may undergo genetic 
recombination do not develop cross-immunity in certain instances. 
This indicates that the immunity-conferring mechanism may not be due 
to the presence of a certain prophage but, rather, is an effect exerted 
by a particular locus, or larger portion, of the phage genome (also 
see data in 35, 93). 


b. Conversion. In addition to conferring immunity to homologous 
phages, the presence of a specific prophage genome in many instances 
exerts a continuous detectable influence on other phenotypic properties 
of the host bacterium. The acquisition, by lysogenization, of these 
inherited properties is termed conversion. 


The response of the lysogenic culture to certain heterologous phages 
may be different from that of the parallel non-lysogenic culture. Thus, 
the lysogenic bacteria may be resistant to the lytic action of a second 
phage (320, 18, 24, 247, S. Lederberg cited in 247) but not to its host- 
range mutants (e.g., 4 and previous work cited therein). Lysogeniza- 
tion by a second unrelated phage may be prevented (25, 117). The 
plaque morphology obtained after heterologous infection with a lytic 
phage may be altered (18). Lysogenic strains carrying several dissimi- 
lar prophages may yield bursts composed of homologous phage only 
(22.25). The resistance to a second phage is not a characteristic of the 
presence of a specific prophage alone, since the prophage may be 
effective in this respect in one bacterial strain and not in certain 
derivatives of it or in another strain. Resistance patterns differ in 


420 THE CHEMICAL BASIS OF HEREDITY 


different bacterial strains; and the precise genotype and phenotype 
of the superinfecting heterologous phage also play a role (S. Lederberg, 
cited in 247; 317; also see data in 4, 93). The resistance may be due 
to failure of adsorption (cf. 36) or to some later step in the infectious 
process (e.g., 317) in which the cell may either be killed or survive, 
as in immunity. Other effects have been noted by Boyd (337). 


Iseki and Sakai (186, 187, 285, 284, 185a) discovered that certain 
Salmonella strains producing the somatic antigens 3,10 could be con- 
verted to produce the antigens 3,15 by lysogenization with phage from 
3,15-producing bacteria (also see 270, 141). The conversion can also 
be effected by lysogenization with the particular phages grown on 
bacteria producing antigens 3,10 (308, 285). By lysogenization with 
these same phages, bacteria producing somatic antigens 1,3,19 can be 
converted to produce 1,3,15,19 (188a, 185a). 

In addition to the converted cells, non-lysogenic phage-resistant 
mutants can be obtained from the 3,10-producing bacteria; these 
resistant mutants appear to possess neither antigen 10 nor 15 (270, 
141). The conversion of somatic antigens could explain (a) instances 
of immunity and instances of resistance to certain heterologous phages 
where adsorption appears impaired (43, 37, 36), (b) unique antigenic 
homologies of diverse strains resistant to, but nevertheless still active 
in the adsorption of, particular phages (e.g., 238, 239), and (c) simul- 
taneous acquisition of resistance to one phage and of sensitivity to 
another (286). 

The opposite antigenic change, i.e., from somatic antigen 15 to 10, 
can be procured by treatment of 15-producing cells with anti-15 anti- 
body. Since the antibody is prepared against lysogenic cells, it has 
been suggested that the “conversion” attributed to antibody actually 
may be due to inactivation of free phage and selection of non-15- 
producing, non-lysogenic bacteria (308). Indeed, this has been experi- 
mentally indicated (188, 188a). Other antigenic alterations, previously 
reported to be induced by treatment with antisera, may be due to 
contamination with phage or to effects such as those noted above. 
Recently, it has been reported that lysogenization with a different 
phage influences the production of somatic antigen 1 by Salmonella 
(185a-b). 

Certain non-toxigenic strains of Corynebacterium diphtheriae acquire 
the ability to produce toxin when infected with particular phages from 
certain toxigenic strains (137, 138, 276, 277, 175, 177). The conversion 
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to toxigenicity has been shown to be a result of lysogenization with 
particular phages rather than to selection of preexistent bacterial 
mutants, lytic action of the phage, etc. (153, 154, 155, 10, 165). Loss 
of lysogenicity results in loss of toxin production (155). The ability 
to convert to toxigenicity appears as a discrete genetic character, or 
characters, separable by recombination from other hereditary markers 
of the phage (156). The toxigenicity-conferring trait, analogous to 
other types of conversion noted above, is effective when in combination 
only with some bacterial strains (275, 178). 

Lysogenic strains of Bacillus megaterium differ from the parental, 
nonlysogenic, sensitive bacteria in their colony morphology (91, 185) 
and growth requirements (90, 63). A similar relationship of colony 
morphology to the presence of prophage may also exist in C. diphtheriae 
(data in 176, 177). It is possible that Vi-type 1 Salmonella with ability 
to ferment d-tartrate may undergo a change with regard to this ability 
when lysogenized with certain phages (cf. observations in 267). 

Further, the functioning of the phage genome in the lysogenized cell, 
analogous to conversion of other bacterial properties, may possibly 
effect a change in the bacterial physiology dealing with some aspect of 
bacterial metabolism utilized in vegetative reproduction of the phage. 
The phage in this case could be interpreted as affecting indirectly, 
through conversion, its own modification (see data in 92, 183). 


C. Mediated by Cell Conjugation 
1. Sexual recombination 


The first definitive evidence for a coordinated recombination of 
genetic traits in bacteria stems from the observations of Lederberg and 
Tatum (233, 217, 303, reviewed in 234) on £. coli, strain K12. These, 
and an increasing number of other workers (see section VI), demon- 
strated that: (a) a wide variety of genetic traits could undergo recom- 
bination; (b) several markers could recombine as the result of a single 
event, i.e., a large portion of the genome can simultaneously participate 
in the recombinational event; (c) unselected markers exhibited par- 
ticular degrees of association and segregation during the recombination 
process; thus (d) a certain linearity of loci could be derived from the 
recombination data; (e) recombinant clones usually were pure with 
regard to unselected markers; (f) recombination involved intimate cell 
contact; and (g) recombination was a rare event (one recombinant 
formed per 10° bacteria plated). 
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There were, however, difficulties in the construction of linkage maps 
based upon the recombination data in that, while some loci could be 
placed in unambiguous order, this order did not agree with results 
obtained in other crosses (including reciprocal crosses) or in the same 
cross when other selective markers were used. In spite of these mapping 
difficulties, some loci did show a high order of interaction, the anomalies 
arising mainly from interactions between these and other loci. 

The aberrant recombination data are now known or proposed to be 
the result of several factors; often these complications may be super- 
imposed, one upon the other. 

Sexual recombination first involves a union of two cells (see section 
II). In terms of the subsequent mating process, the two parents are not 
identical (see section I-C-2). Suffice it to say here: (a) the genetic 
transfer is from the F* or Hfr parent to the F— parent (i.e., transfer 
is unidirectional, see section III); (b) markers of the recipient parent 
predominate among those of the recombinants issuing from the cross; 
and (c) this “sexual polarity” of the cross is extremely important in 
analyses of linkage (229, 52, 169, 312, 50, 203, etc.). 

An additional factor, and one early considered (see 234, 282) as 
underlying some of the linkage difficulties, is the possible presence in 
some of the genetically marked strains of complex chromosomal aberra- 
tions. Many of the widely used multiple mutants were obtained in 
several steps by repeated exposure to x-ray and ultraviolet-irradiation 
or to nitrogen mustard (cf. 302, 217). This explanation has been 
abandoned for some aberrant results now known to be due to other 
factors (229). It may still apply to some K12 derivatives, however 
(cf. 202, 203, 50). 

The conditions of the experiment may bias the recombination values 
(66, also see 169) or influence the number of recombinants detected (ef. 
250, 60). The temperature of incubation is important when a lysogenie 
donor parent is crossed with a sensitive recipient strain (see section 
V-A). The number of recombinant colonies on the assay plate and 
the responses to syntrophy of the parent strains also must be con- 
sidered (205, 50). Treatment of F— cells with ethylenediamine tetra- 
cetic acid greatly enhances the number of prototrophs obtained (339). 

A further complication arises out of what appears to be a “breakage” 
point (point of rupture = R) on the chromosome of the donor parent; 
R tends to separate otherwise presumably closely linked markers (49, 
50). Rupture points with similar properties may occur at a number of 
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sites along the chromosome; different sites are involved in different 
derivatives from an F* stock, the appearance of R occurring as a 
random mutation (202, 203). The rupture point of the donor bacterium 
leads to a high frequency of transfer of markers “proximal” to it (Hfr 
strain), thus lowering the relative frequency of transfer of distally 
located markers (203). In crosses involving Hfr donors, only a por- 
tion of the haploid complement is interpreted as transferred by most 
cells during conjugation (203). These interpretations provide that 
sexual recombination in F. coli K12 often may involve a process akin 
to transduction, except that the former process includes cell conjugation 
and thus obviates the necessity for an extracellular vector with a more 
limited genetic transfer capacity (202, 203). 

Further complications may arise from postzygotic disturbances in 
chromosome pairing (e.g., 282, 50, 219) or outright elimination of 
specific chromosomal regions (e.g., 264, 219, see section V-B). The 
effects of these disturbances on the recombination process have Just 
begun to be assessed (cf. 50). 

Sexual recombination studies have been extended to additional 
strains of E. coli (48, 224, 234, 44, 300, 64-66, 241). Furthermore, Luria 
(cited in 236) has found that Shigella dysenteriae can undergo recombi- 
nation with Hfr and F~ strains of Z. coli K12. 

Two preliminary notes on recombination between multiply marked 
mutants of Pseudomonas (243, 179) indicate involvement of a system 
of an order higher than that of transformation and transduction. In 
addition, S. Yaverbaum (1951, pers. commun.) in extensive tests noted 
the sporadic appearance of presumed recombinants between mutants 
of a Bacillus megaterium strain (also see 300). The results are of 
interest in relation to the cytological description of fusion tubules 
between cells of this strain (67, 70, 71) as well as the amenability of 
this comparatively large organism to light microscopic analysis (e.g., 
72, 67, 68, 69, 31). However, plaques spontaneously form in aged 
eultures of this strain on complex media (P. Hartman, unpub.), sug- 
gestive of lysogenicity (cf. 91, 90). The types of recombinants obtained 
in successful experiments (see 300) are suggestive of a transduction- 
like process, perhaps analogous to the genetic transfer noted in Bacillus 
by Brown et al. (40). Forms resembling conjugating bacteria have 
been noted in other studies (e.g., 88, 319a) but have not been analyzed 


by genetic methods. 
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F— strains of HZ. coli K12 cannot undergo sexual recombination with 
one another and appear unable to mutate to a form which is capable of 
entering into recombination except with F+ strains, or derivatives 
thereof. F+ cultures are fertile in crosses either with F— strains or, 
at a lower frequency, with other F* strains (229, 52, 168, 169). 

Cavalli (45) and Hayes (168, 169) isolated from F* cultures deriva- 
tives which showed a high frequency of recombination (Hfr) for some 
markers. Jacob and Wollman (202, 203) have shown that much of the 
fertility of F*+ cultures is due to the presence in them of spontaneously 
arising Hfr mutants. 

Hfr and some strains of F+ bacteria may be made phenotypically F— 
by strong aeration of the culture (229, 52, 168, 169). In contrast, 
hereditarily F— cells may be selected from the edges of swarms of 
motile F+ cultures plated on soft agar (Skaar, cited in 264) or by 
treatment of F* cells with certain divalent cations (338). 

Genetic transfer occurs from the F+ or Hfr donor parent to the F— 
recipient bacterium (see section III). Ingenious experiments by Jacob 
et al. (203) have shown that cell conjugation occurs with high fre- 
quency between strains of opposite mating type but that, ordinarily, 
only the F agent (presumably a short chromosomal fragment) passes 
from the F+ to the F— bacterium. This is the F+ “infection” noted 
in earlier studies (229, 52, 168, 169, 264). In Hfr strains, the F status 
of the cell, which now resides at the chromosomal site, H fr, is trans- 
mitted with the same low background frequency as other genetic 
markers distal to it. The mutant locus, Hfr, can be recovered in the 
recombinant progeny derived from the F— cell through the use of 
appropriate selective markers. Hfr acts as a point of rupture (R = Hfr) 
in the chromosome of the donor parent (49, 50). While Hfr and markers 
distal to it are transferred with low frequency, proximally located loci 
are transferred with extremely high frequency (203). 

The high frequency of transfer of the F factor is thus interpreted as 
comparable to transfer of other genetic elements during sexual recombi- 
nation, though its precise role in the mechanism of the transfer remains 
obscure. Other genetic markers may follow the transfer of F+ to the F— 
recipient cell, but this supplementary transfer peculiarly occurs with 
very low frequency except in strains carrying an Hfr mutation. These 
interpretations can account for many observations on the K12 mating 
and recombination system, but further work is required to reconcile 
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them with one observation in particular. Genetic crosses can be per- 
formed under conditions excluding infection with the F agent (264) 
or where transmission of F+ is very low (169). Nevertheless, a high 
proportion of recombinants are F* regardless of the selective markers 
used in their isolation (229, 52, 168, 169) ; these recombinants are pre- 
sumably derived from the originally F— parent. 

F+ transmission and the F~+ state of the bacteria are not associated 
with lysogenicity for lambda (229, 216). The F status of the cell does 
not affect its activity either as a donor or as a recipient in the transduc- 
tion of a number of markers in the genome (236). 


3. Bacteriocin production 

Some bacteria possess the inherited capacity to synthesize specific 
substances which exert lethal effects on certain other, usually 
phylogenetically related, bacterial strains (151, 152). These substances 
(bacteriocins or colicins) differ from one another in their spectra of 
activity, their rapidity of diffusion on agar and ability to penetrate 
cellophane, morphology of zones of inhibition on sensitive cells, 
thermostability, sensitivity to proteolytic enzymes, and specificity in 
the selection of resistant bacterial variants (see 96, 102, 119, 53). 

Many E. coli and Shigella strains produce bacteriocins (e.g., 158, 
157a, 96, 216), but fewer strains have been detected as being lysogenic 
(216); the reverse is true for Salmonella strains (110). Bacteriocins 
are produced by bacteria other than the enterics (e.g., 96, 103, 160, 
192, 190). 

Some of the bacteriocins have been crudely identified as proteins or 
polypeptides (170, 159, 160a, 96, others). Recently, Goebel et al. (143) 
have characterized colicin K as a macromolecule composed of carbo- 
hydrate, protein, and lipid, bearing many of the properties of the 
somatic or 0 antigen of the bacillus. 

The bacteriocins become adsorbed to specific receptors of sensitive 
cells and kill them but do not multiply in series as do bacteriophages 
on appropriate sensitive host cells (100, 112, 114, 119, 195; also see 
246). In most cases the bacteriocin does not cause cell lysis (but see 
330). Some of the bacteriocins become adsorbed to receptor complexes 
common to those utilized by phages (34, 34a, 97, 102, 108, 119, 135, 136), 
although the receptors may not be structurally identical to those con- 
cerned with phage adsorption (cf. 107). Fredericq (111, 114, 119) has 
compared the killing action of bacteriocins to that exerted by irradia- 
tion-inactivated phage and to abortive phage infection. 
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Colicin K adsorbs to the same receptor as phage T6 of bacteriophage 
group III (98, 119, 1380). It is retained by cellophane and is as 
thermolabile as bacteriophage III (100). Its adsorption is inactivated 
by x-rays at the same rate as the adsorption of T6 (212). However, 
antiserum produced against T6 phage does not inactivate colicin K 
(113, 143), nor does anti-K serum cross-react with T6 (143). The 
activity of the colicin, but not that of the phage, is sensitive to treat- 
ment with proteases (101, 143). 

A number of different bacteriocins may be produced by a single 
bacterial strain (cf. 96, 53). Similarly, some bacteriocin-producing 
strains are also lysogenic (29a, 99, 109, 124, 197). With bacteriocins 
and bacteriophages which utilize common receptors, no correlation was 
found between bacteria producing colicin K and phage III nor between 
colicin E and phage II, but there was a positive correlation in the 
production of colicin B and phage II (109). It should be noted that a 
negative correlation might be expected if the agents were similar in 
their basic nature and closely related enough to evidence cross- 
immunity (e.g., if there exists an intracellular “procolicin” equivalent 
to, let us say, a certain small segment of a prophage genome). 

Like some strains carrying prophages, some bacteriocin-producing 
strains are inducible (194, 195, 196, 124,192). Intracellular production 
of the bacteriocin starts almost immediately after induction, but the 
bacteriocin is not released into the medium until, after a latent period, 
mass lysis of the culture ensues. Fredericq (124, 128a) believes that 
such lysis does not occur unless induction of a prophage occurs con- 
comitantly with the induction of the bacteriocin. In inducible strains 
which are both lysogenic and bacteriocinogenic, phage production and 
bacteriocin production show differing ultraviolet sensitivities for their 
induction (128a; Kaplan et al., cited in 197). Dilution of broth- 
grown £. coli K12 (A) into synthetic medium following induction does 
not permit production of lambda (149, 278), but still allows production 
of a bacteriocin (128a). 

The effects of lethal bacteriocin particles on the metabolism of sensi- 
tive cells (195, 196, 192) are in some respects similar to those exerted 
by nucleic-acid-free protein phage ghosts (171, 235, 139). Ghost prep- 
arations may contain two types of particles, killing and inhibiting (139, 
32). Although some bacteriocin preparations appear to contain killing 
particles only, some aberrant titration effects have been noted, perhaps 
indicating a similar heterogeneity in some bacteriocin preparations 
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(e.g., 134). The action of phage ghosts elicits a specific sequence of 
cytological changes in the sensitive organism (32). These changes differ 
from those engendered by intact phage (refer in 261). The action of 
bacteriocins has not been studied cytologically in a comparable system. 

After adsorption of bacteriocins, bacteria do not produce bacterio- 
phages to which they are otherwise sensitive (195, 107, 115). This 
failure in part may be a reflection of the deranged metabolism brought 
about upon adsorption of the bacteriocin, but it also appears to involve 
some specificity of action analogous to exclusion by one phage of an 
unrelated phage (116). 

Ordinarily, the potential for bacteriocin production is a stable, 
inherited trait. The amount of bacteriocin actually elaborated depends 
upon environmental conditions (170, 159, 59, 144). In a standard 
environment, one may select variants producing different levels of 
bacteriocin (cf. 144). 

On the other hand, a bacteriocin produced by a derivative of an 
£. coli strain was shown to have changed in its heat stability and anti- 
genic properties but to have retained its host range, i.e., its specificity 
for adsorption sites or receptors (33). Also, a bacterial strain produc- 
ing a specific bacteriocin may acquire the ability to release a second, 
distinct bacteriocin; these strains may be specifically selected for, since 
they are resistant to certain bacteriophages and to some bacteriocins 
unrelated to those which they produce (106, 108). Phage-resistant 
derivatives of colicinogenic strains generally conserve their ability to 
produce the original bacteriocin (104). 

Some bacteriocin-producing strains retain the receptor for specific 
adsorption of the bacteriocin which they produce, but are now immune 
to its action (132, 121). Other strains are sensitive to the bacteriocin 
they produce (190, 283) but may mutate to a resistant form (283). 

It has been known for some time that spontaneously occurring 
resistant mutants may be selected from predominantly sensitive bac- 
terial cultures through the action of virulent, lytic phages (80, 244) or 
with temperate phages and clear plaque-forming mutants thereof (216). 
In many cases (for exceptions see discussion above on lysogenization). 
this resistance is due to the loss or masking of the specifie receptor 
necessary for phage adsorption (e.g., 5, 30, 313, 314, 279, and others). 
Similarly, bacteria spontaneously (cf. 283) mutate to bacteriocin 
resistance. Since, as discussed above, some receptors for bacteriocins 
are common to those utilized by certain phages, either agent may be 
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used for the selection. Just as resistance to phages by loss of adsorptive 
capacity has been utilized as a standard chromosomal marker in recom- 
bination studies (see section VI), so bacteriocin resistance is an 
inherited trait presumably caused by loss of a specific receptor due to a 
mutant allele which segregates like other chromosomal markers in 
recombination tests (129, 130, 119, 120, 204). 

In contrast, the inherited capacity for bacteriocin production is trans- 
mitted to all recombinant progeny if the F— parent is the active one 
and to a majority of the recombinants, independent of the selective 
markers used, if the F+ parent is the bacteriocin producer (131, 132, 
120). Further, a high proportion of non-bacteriocinogenic bacteria may 
acquire the hereditary capacity to produce a specific bacteriocin. This 
inherited trait is acquired during mixed culture of the strain with 
certain strains (but not others) that produce the bacteriocin. No other 
genetic characters were observed to be exchanged in these mixed 
populations of F. coli strains or of EF. colt and Shigella sonnei cultures 
(121, 126). The genetic transfer was found to occur independently of 
observable lysogenicity, making improbable a phage-mediated mechan- 
ism for the transfer (122, 126). The transfer is ‘‘not sensitive to 
proteases” (Fredericq, pers. commun.). 

Transfer of the hereditary capacity for bacteriocin production is 
achieved only when F+ bacteria are mixed with another F+ or with 
an F'~ strain, and not when two F~ strains are mixed (123). Although 
the F-status of the bacteria plays a role in the transfer, transfer of 
the bacteriocin-producing capacity of the bacteria is not necessarily 
accompanied by transfer in the F characteristic of F+ cells (as 
determined by ability to participate in transfer of other bacteriocino- 
genic properties) (123). 

Fredericq (123) has reported that the genetic transfer can be 
achieved either from F+ to F— bacteria, or in the reverse direction. 
Since the cultures were grown together for relatively long periods, the 
validity of the F— to F*+ transfer might be questioned. That the 
transfer most frequently goes from F+ to F— bacteria is indicated 
by the discovery that bacteriocin production by one parent in some 
cases decreases fertility and that this effect is most pronounced if the 
F* parent is the bacteriocinogenic strain (128b). This would be 
expected if the sensitive F— strain, from which recombinants for 
chromosomal markers ordinarily arise, are killed by the bacteriocin 
before genetic transfer and immunity can ensue. 
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These various findings were originally interpreted by Fredericq as 
indicating a non-chromosomal inheritance of the potentiality for the 
production of a specific bacteriocin. The genetic transfer of these extra- 
chromosomal elements occurred by some unknown process involving 
intimate cell contact (“transduction’’). However, in view of the recent 
results of Jacob et al. (203), it is equally possible that bacteriocino- 
genesis is controlled by chromosomal sites which are, like F+, trans- 
ferred with high frequency during the mating process. If such sites 
should be demonstrated, a unified picture of fundamentally similar 
elements could be evolved for genetic transfer during sexual recombina- 
tion. The existence of simultaneous mutation to phage resistance and 
bacteriocinogenesis may offer markers for an appropriate genetic 
analysis. 

In addition to the need to elucidate the means of genetic transfer, 
more effort is required to determine the nature of bacteriocins and their 
relationship, if any, to bacteriophages and abortive bacteriophage 
development. The literature contains a large number of articles relat- 
ing to more or less specific microbial antagonisms (review in 94), as 
well as reports of “colicins’” with strikingly wide spectra (e.g., 59). 
Also, the elaboration of additional, lytic substances has been reported 
as accompanying the production of bacteriocins and bacteriophages 
(287, 184, 272, 273; compare lysins reported in 5, 35, 330). Genetic 
analysis should provide a powerful tool in extending our knowledge 
of these substances and the means of their production, whether spon- 
taneous or induced. 


II. Means or TRANSMISSION 


The infective phage particle, of course, serves to transport its own 
genetic material from one cell to a new site of synthesis in a susceptible 
cell. Factors in which immunity and conversion reside are inseparable 
from lysogenization, that is, they appear as if elicited by factors of 
the phage genome in cooperation with the residual genome of the host 
(see section I-B-2). 

The phage particle may also transport genetic material other than 
its own genome. As pointed out by Zinder and Lederberg (335), the 
phage may act as a more or less passive vector of bacterial hereditary 
determiners. Like phage infectivity, this genetic transduction is resist- 
ant to DNAase and is dependent upon phage adsorption (335, others). 
Extensive data confirm the identity of phage particles as agents in the 
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genetic transfer, both for Salmonella transductions (333-335) and for 
transduction of galactose markers by lambda (259, 259a). We may 
note again here that, in contrast to conversion, the genetic specificity in 
transduction is that of the host upon which the phage was last grown. 

Brown et al. (40) were able to inactivate with DNAase presumably 
phage-mediated genetic transfer in Bacillus cultures. A similar induced 
genetic change (transfer of motility), as well as alteration in capsule 
production, was earlier observed in Bacillus spp. and interpreted as 
a DNA-mediated transformation (252, but see 305). The active agent 
in the case investigated by Brown et al. (40) could possibly be host 
DNA, adsorbed to the outer surface of the phage particles (see 57). 
This externally located DNA might then penetrate the cell at the site 
of the lesion formed by phage adsorption and injection. It is unlikely 
that in these experiments (40) DNAase inactivated the genetic material 
once inside the recipient cells. Although DNAase has been reported 
as affecting morphology of bacterial growth (87), apparently this 
enzyme penetrates protoplasts of Bacillus spp. poorly, if at all (see 39). 

While the phage acts as a vector in transduction, the complete process 
of transduction may be separated from that of lysogenization by a 
number of means: (a) the reproductive and lysogenizing capacity of 
phage is much more rapidly inactivated by radiation and P22 disinte- 
gration than is the ability of the phage suspension to carry out 
transduction (142, 304); (b) phage grown at temperatures lower than 
37°C. are still infective but have decreased transducing abilities 
(Table 4 in 334); (c) some progeny comprising the transduction clone 
are non-lysogenic and sensitive (298, 334) ; (d) N. Zinder has obtained 
mutant strains of PLT-22 phage which produce a large proportion of 
non-lysogenic, sensitive cells in transduction clones (used in 329, 161); 
(e) lysogenic cells, although immune to the phage they carry, still may 
adsorb the phage and are transduced by it, though with a lower fre- 
quency than are parallel sensitive bacteria (334, 329); (f) a clear 
plaque type mutant of PLT-22 may transduce cells lysogenic for 
temperate phage (333, 324), and the transductional progeny remain 
lysogenic only for the phage originally present (333); (g) transdue- 
tion occurs in bacterial recipients in which phage infection and 
lysogenization are abortive (333, 285); (h) PLT-22 phage can be host 
modified (reviewed in 245) by single passage on cells of S. gallenarium, 
so that only one cell per 10° in a culture of S. typhimurium yields phage 
(see 142); and nevertheless, transduction occurs “with about normal 





PHILIP E. HARTMAN 431 


frequency” (Zinder, cited in 245) ; (i) the phage may lose by mutation 
its ability to transduce without losing its lysogenizing ability (334) ; 
and (j) the incubation of recipient bacteria at low temperatures fol- 
lowing phage adsorption decreases the number of transductions 
detected (Plough, pers. commun.: Hartman, unpub.). 


In sexual recombination it has been assumed for some time that the 
transfer of genetic material involved pairing or mating of the bacterial 
cells proper (e.g., 217, 220, 234, 263). Bacteria suspended in a common 
medium but separated by a sintered glass filter could not undergo 
recombination (61). Recently, Lederberg (226, 227, 228) has isolated 
pairs of bacteria actually found in the mating process, confirming his 
ewn earlier suspicions. Electron micrographs, made by Dr. T. F. Ander- 
son, of similarly mating pairs were presented by Jacob et al. at the 
1956 Cold Spring Harbor Symposium on Quantitative Biology (see 203). 


As mentioned earlier (sections I-C-2 and I-C-3), the F agent and 
the potentiality for bacteriocin production may also be transferred 
during cell conjugation. Efforts aimed at the detection of an alteration 
in the cell surface conducive to cell conjugation (249) have so far 
given negative results in this respect. 


III. UnmrrectTIonaAL NATURE OF THE GENETIC TRANSFER 


When free DNA is released from a disrupted bacterial cell and serves 
as transforming principle, it is obvious that the donor cell is destroyed 
and the genetic event (transformation) is achieved in a unidirec- 
tional fashion. Similarly, the donor cell is sacrificed when bacteriophage 
is prepared, sterilized, and becomes the infective carrier of its own 
heredity (for lysogenization and conversion or for lytic infection) and 
a more or less passive tender of foreign genetic elements (transducing 
fragments). 

The incorporation of genetic fragments into multipotent transducing 
phage may vary during the intracellular growth of the phage. With 
phage obtained from prematurely lysed cells, the number of transduc- 
tions obtained per phage (ratio T/P) depends upon the time when lysis 
is induced and on the environmental conditions (334). The T/P either 
rises or remains constant during the maturation period. The T/P pre- 
sents “a family of curves bounded at one end by the appearance of 
mature phage and at the other by the termination of cell lysis. Within 
this range, some of the markers appear at a maximum by the end, and 
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still others are just ascending when the experiment terminates” (334). 
The T/P’s may reflect a progressive sequence in the breakdown of the 
host chromosome during phage growth prior to cell lysis (cf. Fig. la). 
Fragments are thence incorporated in a random fashion. An alternative 
hypothesis, advanced by Bertani (28), suggests that generalized trans- 
ducing activity resides in “an ability of these phages to move (in a 
small fraction of the bacterial population) to many different sites 
scattered all over the genetic complement of the bacterium.” Bertani’s 
concept essentially makes all transductions prophage-linked. 

In the prophage-linked transduction of galactose markers, trans- 
duction is obtained only with phage prepared from induced lysogenie 
cells, not with phage prepared by lytic infection (259). In the prepara- 
tion of transducing phage with high activity from induced bacteria 
diploid for the galactose region, the markers of the small fragment, 
rather than those of the parental chromosome, usually appear in the 
phage; the phage yield is low (259, 259a). These and other findings 
suggest that the prophage-linked and the generalized types of trans- 
duction differ in basic mechanisms of incorporation into phage particles. 
In the former case, it is possible that the entire chromosomal fragment 
“matures” into an infective phage particle without prior replication 
of the phage genome per se (Fig. 3). 

With respect to sexual recombination, the unidirectional nature of 
the genetic transfer has not always been so obvious as in the above 
cases. Hayes (166) noted that when one parent (the donor or F+ 
parent) was killed with streptomycin it could still participate in genetic 
recombination. These and related data (166-169) led to Hayes’ pro- 
posal of a new mechanism for genetic recombination involving a 
unidirectional, partial transfer of genetic material from a donor strain 
to a recipient strain. Many similar findings relating to this fertility 
system (section I-C-2) were determined independently by the Leder- 
bergs and Cavalli (229, 52). Lederberg (226-228) has isolated pairs of 
bacteria in the mating process, The laterally joined cells disjoin after 
an “hour or so” and, since both usually remain viable, form clones. 
Recombinants are found with very high frequency among the progeny 
of the F— cell, but no recombinants are recovered from the clone arising 
from Hfr parent. In addition, Skaar and Garen (289) showed that 
DNA-P®? is transferred only from Hfr to F— cells; no transfer was 
detected in the reverse direction. 
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IV. CoMPOSITION OF THE TRANSFERRED GENETIC MATERIAL 
A. Chemical composition 


Research over the past decade has consolidated the identification of 
transforming principle as DNA (180, 331). On the other hand, only 
indirect means are available for the chemical characterization of the 
genetic material transferred in lysogenization, transduction, and sexual 
recombination. The very indirect evidence indicates that the trans- 
mitted genetic specificity resides in DNA. There are no data which 
would incriminate or exclude other vital accessory substances as 
participating in these genetic structures. 


The hereditary material of the temperate phage particle, like that 
of lytic phage, appears to be DNA. This conclusion derives from the 
observations (a) that like analyses of purified lytic phage (e.g., 172), 
temperate phages show high DNA and protein contents, and negligible 
amounts of other constituents (e.g., 251); (b) that like lytic phages 
(174, 173), most or all of the DNA of the phage particle is injected 
into the recipient cell, whereas the bulk of the protein does not penetrate 
into it (Garen, cited in 142; also see 146) ; about 30-40 per cent of the 
total phage phosphorus is detectably transferred to phage progeny in 
lytic infection with the temperate phage (Garen and Zinder, cited in 
334); and (c) that damage by various treatments (irradiation, P*? 
disintegration, etc.) of temperate phage (e.g., 142) is consistent with 
the identification of DNA as the hereditary material, comparable to 
the more extensive evidence (e.g., 291) accumulated for lytic phages. 

All published data conform with the view that the genetic elements 
involved in transduction are also the DNA: (a) the similarities shared 
by transductions and transformations (cf. 333); (b) the close relation- 
ship between the prophage and the bacterial genome and prophage- 
linked transductions of galactose markers (259, 259a); (c) the trans- 
duction of prophages by heterologous phage (236, 193); and (d) the 
chromosomal nature of the bacterial factors transducible, coupled with 
an indirect demonstration of the localization of some of these factors in 
the bacterial nucleus (321, 322), in which DNA is also localized (281, 
307, 72, 68, 69, 162, others). Some of these same points may also be 
brought forward in advancing the thesis that sexual recombination 
involves a transfer of material containing DNA. In addition, Skaar 
and Garen (289) have found a transfer of DNA-P*? which follows 
the direction of genetic transfer during recombination. Wollman and 
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Jacob, in discussion at the 1956 Cold Spring Harbor Symposium on 
Quantitative Biology, announced that recombinant progeny, arising 
from F— bacteria, could be inactivated by P%* decay after genetic 
transfer from labeled Hfr bacteria. 


B. Molecular and genetic size 


The molecular weights of DNA molecules active in transformation 
have been estimated to be of the order of 5-10 « 10° for transforma- 
tion of single characters (255). For those molecules capable of giving 
rise to double transformations (182), a molecular weight of 2-8 108 
has been estimated (255). 

Studies involving radiation inactivation and inactivation by P%? 
decay indicate that phage infectivity is much more sensitive than the 
ability of the phage to carry out single transductions (142, 304). The 
latter potential falls slowly with P32 decay (142), but this may be a 
reflection of the inactivation of phage adsorption or injection. These 
studies are made all the more striking in view of the ability of phage 
to transduce the potential for production of one or several unrelated 
phages (236, 193). If the chemical composition and state of the phage 
genome and the transducing fragment are similar (with regard to 
ultraviolet light, see 299), these data indicate that the transduced 
genetic material has a much smaller total molecular size than that of 
the material in the phage required to produce lytic or lysogenic infec- 
tion. The transducible prophage, then, would involve an equally small 
element. It must differ from mature phage not only in the probable 
absence of a protective protein coat, but also very likely in the absence 
of accessory DNA necessary for its infectiousness. It would be of 
interest to repeat the above general type of P*? inactivation experiment 
using more highly labelled bacterial genetic fragments and linked 
markers, prophage loci, and recipients such as hi-22 (section V-B, 
Bip ta), : 

In Salmonella transductions, the transducing fragment contained in 
most phage particles probably involves a section of the host genome 
at least several gene loci long and very likely much longer (79, 82, 
161). A similar complex structure is indicated in work on E. coli (236). 
This orientation of a gene locus on a comparatively large fragment in 
transduction may allow its incorporation in but one of several possibly 
homologous sites from which it, once incorporated, could function (ef. 
situation with regard to flagellar phase antigens in 230, 89). In terms 
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of the total bacterial genome, however, the size of the effective genetic 
material of the transducing fragment must be small. 

It has been noted repeatedly (334, 13, 193, 161) that the observed 
potency of a bacteriophage lysate varies for transduction of different 
single markers. Furthermore, in the transduction of two independent 
markers in Salmonella, Plough (pers. commun.) has found that each 
of two serologically distinct transducing phages are more effective in 
engendering transduction at one locus than at the second locus of the 
double auxotroph. Several factors must be postulated in various cases 
to explain this unequal recovery. These considerations, for the most 
part, are not mutually exclusive: (a) linkage with a prophage induced 
in the recipient cell might eliminate a considerable proportion of 
associated markers (193); (b) a differential incorporation of genetic 
markers into maturing phage (334); (c) a differential affinity of the 
prophage of the transducing virus for certain sites of the bacterial 
genome (based on hypothesis forwarded in 28); (d) a higher frequency 
of crossing over, leading to a higher proportion of integration of 
markers in certain portions of the recipient genome (161); (e) the 
metabolic state of recipient cells (e.g., 161) ; (f{) dominance of the func- 
tions of the incoming genetic fragment over the physiological condition 
imposed upon the cell by the mutant state (see results in 323, 324) ; or 
(g) effects of the residual, growth and metabolism of recipient bacteria 
(examples in 161). 

In the transduction of galactose markers by the phage lambda, the 
results of Morse et al. (259a) indicate that the size of the transduced 
piece extends over the length of at least two galactose loci (section 
VI-B). Apparently it does not extend as far as the recT6, lac, and gal; 
loci (see Fig. 4). 

With regard to sexual recombination, in earlier studies it was 
assumed that a single pair of cells took part in one mating event and 
that a complete haploid complement was transferred from the donor 
to the recipient cell. Fredericq and Betz-Bareau (133) have indicated 
the participation of two F+ and one F~ cell in a purportedly single 
recombinational event, but this conclusion has yet to receive additional 
confirmation and may represent two successive independent events, 
possibly, one progressing on the assay plate (compare results in 217 
and bimodal distribution of colonies in 263). When two Hfr strains, 
containing genetically different lambda prophages, are mixed with 
an F— strain, transfer of only one of the types of prophage is detected 
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in any single F— bacterium (203). The existence of bisectored (G. Allen, 
cited in 231) and mixed-prototroph (50) recombinant colonies indicates 
that more than one nucleus of a donor bacterium may occasionally 
participate in a single mating event or else that further complications 
sometimes arise following the initial transfer (e.g., persistence of the 
diploid state for several generations, 50). 

Beginning with the work of Hayes (166-169), it has been suggested 
that the full genome of the F+ or Hfr parent never reaches the zygote, 
i.e., that only certain chromosomal fragments of the donor cell are 
transferred. The hypothesis of partial transfer has received striking 
support from more recent studies (200, 289, 203). Two groups of 
workers have detected a progressive, linear transfer of genetic specifi- 
city from the Hfr to the F— bacteria until, after 40 to 60 minutes, 
the transfer has progressed to its limit (327, 289, 203). Markers beyond 
this limit (the Hfr locus or rupture point) are transferred with a low 
frequency characteristic of the F+ to F— background level of transfer 
(see sections I-C-1 and I-C-2). The transfer proceeds in the order in 
which the markers had been previously arranged on the basis of 
recombination data (see section VI-A). The size of the piece trans- 
ferred with high frequency in the Hayes Hfr strain (168, 169) has 
been determined by P?? decay as comprising about one-third of the 
total haploid genome (Wollman and Jacob,xdiscussion at Cold Spring 
Harbor Symposium on Quantitative Biology, 1956). Since, as noted 
previously (see section I-C-1), different Hfr strains transfer with high 
frequency different portions of the genome, other #. coli K12 deriva- 
tives may transfer greater or lesser portions of the genome than that 
noted for the Hayes strain. 


V. Mober or INcorPoRATION OF TRANSFERRED MATERIAL INTO 
RECIPIENT CELLS 


We have seen that the transfer of nuclear genetic material between 
bacterial cells is a unidirectional process that usually involves only a 
portion of one haploid complement of a donor cell, Further examina- 
tion indicates that only a portion of the transferred material may be 
retained by the recipient bacteria. Furthermore, this retention is 
achieved in various ways and in many cases may undergo assortment 
in subsequent interactions with the chromosome complement already 
present in the recipient cell, : 
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It should be kept in mind, particularly when growing cultures are 
used, that the majority of the cells will be multinucleate (281, 321, 211, 
248, references in 163, others). This multiplicity of nuclei is evidenced 
in recipient bacteria by early-division segregation effects in lysogeniza- 
tion (240, 216, 274), transduction (323, 324, 259), transformation 
(181), and in sexual recombination (Skaar, pers. commun.). The action 
of temperate phages (see 318) and other agents (319) on nuclear 
morphology may contribute to complex genetic behavior during early 
divisions. 

There appear to be three general means by which the transferred 
material enters the heredity of the recipient cell. 


A. Functional and genetic persistence without replication— 
unilinear inheritance 


Cells receiving abortive transductions appear to retain the genetic 
element received from the donor cell. It is passed along through a single 
cellular line of the progeny (see Fig. 2 and section I-B-1-b). The 
transduced fragment is sometimes lost from the cell, but it never 
becomes incorporated into the replicating genetic apparatus of the cell 
(298, 227, 271). Only one abortively transduced cell arises from a 
single transductional event (298, 271). Reversion to the parental type 
in all but one cell of the clone, and occasionally in the total clone, 
shows that the genetic homologue of the transduced material is present 
in the cell, ie., that it is not replaced by the transduced fragment, 
which is, therefore, merely added to the preexisting genome. With 
respect to genetic persistence and pattern of heredity, abortive trans- 
ductions resemble the type of immunity (see section I-B-2-a) in 
which the genome of superinfecting homologous phage is passed through 
a single line of daughter cells but does not replicate (ef. 197, 25, 27). 
During sexual recombination this genetically active material of super- 
infecting (and of vegetative) phage behaves differently from prophage 
incorporated in the host genome; the genetic material of the super- 
infecting phage does not appear to be transported from an Hfr to an 
F— cell (198). The cellular site of the genetic material in abortive 
transduction is unknown (discussed in 227). 

The genetic fragment in an abortively transduced non-motile cell 
endows it with the ability to manufacture motility-conferring particles 
which we shall refer to here as flagella. A second type of transmission 
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is superimposed upon the unilinear inheritance of this synthetic poten- 
tiality. Since the flagella, once formed, continue to endow the cell with 
motility and are assorted during cell division, a further unilinear trans- 
mission of these functional organelles is indicated. These are pheno- 
typically motile cells, semi-clones of which originate at each division 
of the genetically potent bacterium (see Fig. 2). 

The existence of “satellite” colonies (298, 280) and a small proportion 
of certain motile cells in broth cultures of some non-motile strains (297) 
indicate that phenotypically motile cells can arise spontaneously. Single 
eell pedigrees show that these phenotypically motile cells transmit 
motility along one or several single cell lines, in unilinear fashion 
(Quadling, in 297). If the non-motile mutants are regarded as having 
differing degrees of “‘leakiness” in the production of a motility-conferring 
substance (flagella or flagellar basal granules, see 62, 189), the chance 
accumulation of a sufficient level of the intermediate could lead to a 
transient ability to produce flagella (cf. 280a). Once produced, the cells 
possessing flagella would be expected to transmit these particulate ele- 
ments in the same way as the phenocopies arising from progeny of cells 
which have received an abortive transduction. 

Abortive transductions have so far been noted as being carried out 
only by phages of the type giving transductions for a variety of 
markers in the genome (section I-B-1-a; figures la-b). It would not 
be surprising were similar phenomena discovered in other systems upon 
careful examination and with the realization of critical conditions of 
growth, such as those developed for one particular system by Ozeki 
(271). For example, not all markers transferred in sexual recombina- 
tion find their way into the replicating genome. The rate of genetic 
transfer can be measured in some cases by the transfer of prophage 
lambda from a lysogenie bacterium to a sensitive one. Under certain 
conditions the prophage is frequently induced following transfer and 
kills the recipient bacterium from which the recombinants must arise. 
While this “zygotic induction” has the effect of decreasing below 
expectation those markers from the donor parent which are most closely 
linked to lyA (198, 326, 125, 127, 203), it can also give a measure of 
actual genetic transfer (198, 203). Other workers (216, 259) have not 
noted zygotic induction, perhaps because of different conditions under 
which the cross was made (cf. 193) or because of differences in the 
portion of the genome participating in the high frequency of transfer. 
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B. Functional and genetic persistence with replication—diploidization 


Excellent evidence exists for the persistence and replication of vary- 
ing portions of the bacterial genome in a diploid state following genetic 
transfer. For the operation of this mechanism, as well as that discussed 
in the following section (C), a most logical assumption relies upon 
the synapsis of the transported genetic material with its homologue 
in the recipient cell. This step rapidly follows genetic transfer in most 
eases. There are indications, however, that there may be some delay 
in this step under certain conditions (see 324). The data also indicate 
that diploidization is rarely, if ever, complete. The diploid genome 1s 
relatively unstable; there is a marked tendency for segregation and 
elimination of the duplicate portions of the chromosome. 


Further, the duplicate fragment may interact with the homologous 
region of the parental chromosome. These interactions are discussed 
in the following section, C. 

In bacteria doubly lysogenic for lambda the prophage locus may 
persist and be duplicated in the diploid state while the remainder of the 
chromosome remains haploid (see section I-B-1l-c). In lambda- 
mediated transductions of galactose markers, a like situation occurs 
except that here the diploid state usually includes a small section of 
the chromosome nearby the lyA locus (see Fig. 3) and more rarely 
may include this adjacent region as well as lyA (section I-B-1-c). In 
transductions encompassing sites over a large portion of the genome, 
the data (335, others) indicate the absence of, or extremely transient, 
diploidization. This conclusion should be checked further, in view 
of the instability of unselected markers (i.e., mixed clones), as noted 
in transductions with Pl phage (236). With regard to transforma- 
tions, the system of Hotchkiss and Marmur (182, 181) is amenable 
to similar examination. 

In sexual recombination, certain 2. coli K12 stocks carrying a pre- 
sumably nuclear factor, Het, form among recombinant prototrophs 5-10 
per cent of persistent heterozygotes (220, 222), verified as such by 
single-cell pedigrees (332). Het is effective in inciting diploidy when 
present either in one or in both parents (220). Heterozygous diploids 
can be recovered from other crosses, not carrying Het, when special 
techniques are utilized to detect their infrequent occurrence (231, 222). 
Although segregants of these diploids do not appear to carry a new //et 
mutation (231), the presence of such a change might not have been 
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detected if it had occurred only in F* cells and appeared in recombi- 
nants with a comparatively low frequency. 

The diploids segregate spontaneously with a frequency of the order 
of once per 20 bacterial divisions (Zelle and Lederberg, cited in 222). 
Ultraviolet irradiation stimulates the production of stable haploid 
segregants (16), but these are mainly progeny of cells which themselves 
still remain diploid (231). The K12 diploids can be distinguished 
cytologically from haploids (231). A possible mechanism for the effect 
on segregation of ultraviolet light is suggested from further cytological 
studies of this organism (ef. 209, 163, 278). Similar segregation of the 
diploid galactose region in progeny from lambda transductions is not 
achieved with ultraviolet light (259a). 

When the K12 diploids segregate, all markers segregate simul- 
taneously (220, 227), and stable progeny are produced which, in some 
cases (332, 231), are both viable and sometimes contain comple- 
mentary alleles for certain markers (P. Fried, cited in 282). The 
minority of the total segregants, however, represent types recombinant 
between the two haploid strains from which the diploids were consti- 
tuted. Most segregations from the diploids deviate from a 1:1 
expectancy up to as much as 15:1 for some single factors (220-222, 
231). Further, when a diploid cell divides, one of the daughter cells is 
frequently inviable (332). 

A partial explanation for these effects may be the regular hemizygous 
condition of certain loci (str, mal, gal, lyA, and Hfr) in otherwise 
heterozygous cells (220-222, 231, 264). With regard to these loci, the 
alleles of the F— parent predominate among the diploids (231, 264). 
Thus, it would seem that the F polarity of the cross (see I-C-2), and 
some type of regular post-zygotie “elimination” (234, 226, 227, 231), 
combine to influence the peculiar composition of these diploids. This 
composition biases segregation ratios of certain single unselected 
markers unless appropriate crossover classes are selected for. Lederberg 
(264, 219) has warned that similar post-zygotic effects may be respon- 
sible for aberrant linkage relations calculated from data derived in 
normal haploid crosses, 

We may inquire here as to the existence of evidence for the formation 
of any true, complete diploids in bacteria. Indeed, Lederberg (222, 223, 
231) has found several “exceptions among the exceptions.” These bac- 
teria contain the str and mal loci in homozygous or heterozygous 
condition. They may be complete diploids, although the published data 
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do not allow one to draw a conclusion in regard to this point yet. This 
is especially true since it has been indicated that the position and 
extent of hemizygosity may vary in different diploids (216, Nelson, 
cited in 50). The more complete diploids presumably arise primarily 
in diploid X diploid and in diploid <haploid crosses. 


C. Genetic recombination at the chromosomal level—integration 


In the preceding discussions we have spoken mainly of recombination 
as involving cells. The emphasis has been placed on genetic transfer 
and retention of the transferred material in addition to the genome 
already existing in the recipient bacterium. The situations considered 
below will focus attention on interactions occurring at the chromosomal 
level in recipient cells. These interactions will be considered under the 
title “integration’’ (200, 203), a term which currently is endowed with 
but few genetic prejudices as to mechanism. In some cases the evidence 
indicates that integration may take place by means of crossing over; 
in other instances integration may be achieved by processes analogous 
to “gene conversion” (cf. 293 and references cited therein). In all cases, 
the limited data available do not allow a precise formulation of events 
at the molecular level. 

Demerec (78, 79, 84) and Lederberg (227) have considered several 
mechanisms for the genetic incorporation occurring during transduction. 
Demerec (op. cit.) favors the mechanism of crossing over outlined by 
Belling (17; type B in Fig. 1, ref. 227). My own Fig. 1, B is based on 
this model. In the model a replica of the transduced fragment is 
considered to undergo crossing over with the host chromosome at the 
time of, or following, its own replication. Similar mechanisms may be 
advanced for the integration of transferred genetic material in lyd- 
linked transductions of gal markers (259a), in sexual recombination 
(49, 50, 203), and in transformation (181). 

Besides these instances of integration, which presumably involve 
reciprocal exchanges between the gene loci comprising the introduced 
fragment and its chromosomal homologue, examples exist that indicate 
a further type of exchange. These involve demonstrations of homo- 
zygosity for some, but not all, of the markers persisting in the diploid 
state and derived from an originally heterozygous individual. This 
situation has been found for lambda and for gal markers as well as for 
diploids arising after sexual recombination (e.g., 231). 
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Irradiation of transducing phage particles with appropriate doses 
of ultraviolet light enhances the number of transductions recovered 
(333, 142). A like effect is obtained by irradiation of the F* donor 
parent in sexual recombination (157, 167, 168). This irradiation has 
the effect of enhancing processes leading to the incorporation of small 
regions of the donor genome into the recipient genome (203). It may 
also induce mutations to Hfr in the F+ bacteria. Ultraviolet irradia- 
tion of lambda phage enhances recombination during subsequent 
vegetative growth (199) ; irradiation of only one of the infecting phage 
stocks introduces a polarity in the cross by increasing its role as a 
donor of small sections of the chromosome (201). The relations of 
these grossly similar effects to the mode of integration, in each case, 
remain to be determined. 


VI. GENETIC ORGANIZATION OF HEREDITARY ELEMENTS IN BACTERIA 


In the preceding discussion the processes which lead to recombination 
of bacterial traits have been examined. Much concerning the structure 
of the host genome has been assumed and stated during the discussion, 
since these processes of genetic transfer and incorporation are the very 
tools with which our knowledge of bacterial genetic organization has 
been deduced. In this section we will examine how instructive these 
methods have been in elucidating the structure of the bacterial 
chromosome. 

Fig. 4 represents a general scheme for the chromosome of an enteric 
bacterium. The scheme is based upon genetic studies with E. coli K12. 
The symbols for gene loci are described in the legend of Fig. 4. Data 
compiled from diverse studies (serological and biochemical, 207; trans- 
duction, 236; sexual recombination, Luria cited in 236; bacteriocin 
production, 121, 126; phage and bacteriocin sensitivity; morphology; 
etc.) indicate a high degree of phenotypie and genotypic homology 
among genera of the family Enterobacteriaceae (also see 295). Conse- 
quently, genetic studies on E. coli and Salmonella will be discussed 
together. It might also be noted here that two strains of S. typhimurium, 
LT-2 and LT-7 (335), of diverse origin (see 242), have revealed a 
strikingly complete genetic homology for one region of the chromo- 
some (161). 


A. Gross structure 


| The following general scheme (Fig. 4) is modified after Cavalli- 
Sforza and Jinks (50). Although still subject to modification as 
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Fic. 4. Order of gene loci on F. coli chromosome. Adapted after Cavalli-Sforza 
and Jinks (50), with additions as cited in the text. Symbols for loci (further 
description in the text): arab—arabinose utilization; az—azide resistance; bi— 
biotin synthesis; gal—galactose utilization; Hfr—high frequency of recombina- 
tion (point of rupture = &), site in Cavalli strain which also acts as a lethal; 
lac—lactose utilization; /euw—leucine synthesis; ly—lysogenicity, prophage loci of 
phages 434. \, and 82, respectively; mal—maltose utilization; me—methionine 
svnthesis; mtl—mannitol utilization; mut—mutability locus; nl—norleucine re- 
sistance; pma—polymyxin resistance; pro—proline synthesis; rec—synthesis of 
receptors for adsorption of phages Tl and T5, of \, and of T6, respectively; 
shi—shikimic acid or polyaromatic synthesis; str—streptomycin resistance or 
dependence; ter—terramycin resistance; thi—vitamin By, synthesis; thre—threo- 
nine synthesis; xyl—xylose utilization. The nomenclature is a hybrid compromise 
between that in use for several years for the E. coli K12 system and a superior 
system recently outlined by Demeree (77). Subscript numerals designate the 
numbers assigned to various loci, except for the gal mutants, in which case they 
refer to individual mutants rather than to loci. 

The insert of the ly\ locus depicts the arrangement of prophage markers sug- 
gested by the studies of Jacob (193). For a full explanation of these markers the 
reader is referred to the original studies (199, 201, 206, 193). The other inserts are 
described in the text. 

Other abbreviations: DNA—deoxyribonucleic acid ; DNAase—deoxyribonuclease. 





further data appear, all markers have been placed on a single linkage 
group. While the recent results of Jacob et al. (203) indicate that link- 
age relationships may possibly vary in different K12 derivatives, it 
would seem to me that the arrangement depicted in Fig. 4 is consistent 
with a large body of evidence. Thus, exceptions may be relatively rare 
or have as their explanation factors other than the linearity of the 
genetic organization. 

Early studies on E. coli K12 (217, 303) demonstrated linkage between 
the recT6, lac, recT1,5, leu, and thre loci. Later studies confirmed 
the linear order given above (231, 282, 50, 203, others). The locus, 
recT6, whose allele confers resistance to phage T6 by the absence of 
a specific receptor complex (313, 314), appears identical with that 
locus responsible for the specific receptor for colicin K (130). Az is 
transferred in a manner suggesting its position as between lac and leu, 
thre (312) and between recT1,5 and leu, thre (52a, 46). Only one az 
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locus has been detected and no important variability in the degree of 
one-step resistance to azide has been encountered (51). The trans- 
duction experiments of Lennox (236) confirm that az is more closely 
linked than lac to leu, thre, thus making the order lac, az, leu, thre. In 
addition (236), the arab. marker was placed close to lew (as found in 
sexual crosses, 49, 50) and between lew and thre. Skaar (288a and in 
41) has shown the mut locus of Treffers et al. (306) to be near and to 
the left of lew. A pro locus lies between lac and leu (55) and a pro 
marker between recT1,5 and recT6 (47), both cases thus indicating the 
position of a locus (or loci) for proline synthesis between lac and recT 1,5. 

Cavalli and Maccacaro (52a) have found at least one locus, or 
multiple loci, conferring cumulative resistance to chloramphenicol, 
located between lac and recT],5. Markers endowing the cell with 
resistance to valine are extremely closely linked to lew (253, also see 
47). A pyridoxine locus lies in the recT6 to recT1,5 region (41). A 
locus giving rise to commonly encountered first-step resistance to 
chloramphenicol is closely linked to recT6 (52a). 

A gal locus was placed in the sequence gal, lac, recT'1,5, thre, leu by 
Cavalli (45). Gals is linked with Hfr, a point of rupture in the Cavalli 
strain (50). Sexual recombination studies have shown that the lambda 
prophage locus, lya, is closely linked to a cluster of galactose markers, 
including gal. (216, 325, 6, 7, 326, 125, 227, others). This linkage 
has been confirmed by transduction with lambda of gal markers, 
galy, 2,3, 4,5,6,7,8 (257-259a), and also by the utilization of transducing 
phage with more generalized activity (236, 193). The sequential order 
of transfer of genetic markers during sexual recombination confirms 
the order for some loci listed above as derived from recombination 
data (see 327, 289, 203). 

Jacob’s transduction and preliminary sexual recombination studies 
(193) indicate that: (a) the loci for two different prophages (ly434 
and ly82) are also close to lyA and a galactose marker; (b) the order 
of the loci is ly434, lyr, ly82, gal; and (c) some genetic markers of 
the prophage lambda itself (199, 201, 206, 193) are transduced in con- 
junction with gal more frequently than are others, corresponding to 
the placement of the phage genome in a linear sequence continuous 
with that of the bacterial genome (insert, Fig. 4). It is of interest in 
this respect that the phage lambda (199, 201, 206) and a temperate 
phage of B. megaterium (261a) each carry but a single linkage group, 
possibly a requisite for lysogenization. 
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The phenotype of lambda may be host-modified (reviewed in 245) 
by a single passage on certain hosts, whether by lytic passage or by 
release from lysogenic cells (29, 315). The ability of the host to modify 
lambda resides in a locus separate from lyA and behaves as other 
genetic markers in bacterial crosses (215, 241). 

Sensitive persistent diploids of K12 (see section V-B) are difficult 
to lysogenize with lambda but, once lysogenized, segregate lysogenic 
cells only (216). This effect is correlated with the observation that, 
following certain crosses, the region of the chromosome containing lyA 
is uniformly present hemizygously in persistent diploids; out of more 
than 30 markers tested, mal,, str, lyA, Hfr, and a gal locus were 
hemizygous (220, 221, 216, 264). Gal; (weak positive phenotype, e.g. 
259a) and arab, are closely linked; they are both linked to str more 
than to mal, and xyl (265, 266). These loci have been placed between 
str and the point of rupture (Hfr = R) since no linkage with lac, is 
demonstrable (50). The mal, and recd loci have been shown to be 
equivalent (215); mal,+ is dominant to mal, (231). The mal, locus 
has been shown by sexual recombination (266, 231) and transduction 
(236) to be linked closely to a locus which confers streptomycin 
resistance (str). Str is linked to, and on the left of, R (50). 

Locus nl is closely linked with gal; and arab, (54) and more weakly 
linked with str and mal, (54, 55). A locus conferring resistance to 
bacteriocin V is closely linked to this arab marker (131). Cavalli- 
Sforza and Jinks (50) have placed the probable order of some of these 
loci as mal,, str, (gals, arab;), R, gale. 

Sexual crosses indicate linkage of xyl to (str, mal,) in the order xyl, 
mal, str (52). Str is also linked to a me locus (265, 266, 140). Str 
shows linkage of decreasing strength with xryl, me, and thi (50). Two 
fermentation loci, ryl and mil, are closely linked to each other (231, 55, 
236) and are linked to thi (50). Closely linked to ryl and mtl is a 
locus whose allele endows the K12 cell with resistance to ultraviolet 
light (41). Skaar (288a) has found that polyaromatic (shiz) locus, 
when used as a selective marker, is closely linked both with xyl and str. 
Similarly, zyl and mtl have been shown to be linked with me (56). A 
marker endowing resistance to phage T3 (Skaar, pers. comm.) and one 
tor radiation resistance (Bryson, unpublished) are probably located 
between shi and xyl. 

The loci me, and thi are closely linked (169, 312, 52, 231, 55) and the 
two me loci give few recombinants in crosses (54, 55). A ter locus (or 
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loci) conferring resistance to terramycin (and also to chloramphenicol j 
is located between thi and me (46). A bi marker (302) has been little 
used, since reversions have appeared in the most commonly utilized 
derivatives originally carrying this mutation. However, bi was found 
to be closely linked to the thi and me loci (217). Pmz is linked, but 
distal, to thi (50). 

A mutant mtl with alternative requirements (a-aminobutyric acid 
or isoleucine plus methionine) is tentatively designated between me 
and xyl (55). Also, one of possibly multiple sites (27, 28) of P2 
prophage is closely linked with me in K12 (alpha phage of Fredericq, 
118) and also to xyl (128). In E. coli B, the markers representing 
a locus, or loci, recT3,4 and recT3,4,7, are linked to a me locus (65). 
An arginine locus lies in the me-thi region (288). 

The above considerations demonstrate that there are associations 
of loci along a linear structure which may be termed the bacterial 
chromosome. A large variety of specialized functions depends upon 
specific regions of this linkage group. Within this framework there is 
a noticeable association of some markers dealing with related func- 
tions. For example, this is indicated in Fig. 4 by the proximity of the ly 
loci, the two lac loci, and the two me loci. However, this correspondence 
is not complete—witness the position of gal; in relation to the other gal 
markers and the finding that lyP2 may not be closely linked with lya. 
Certain loci (inserts, Fig. 4) appear to be divisible by mutation and 
recombination. These general observations lead us into a discussion 
of the fine structure of the bacterial chromosome as determined 
genetically, 


B. Fine structure 


In transduction tests between auxotrophic and fermentative mutants 
of Salmonella, Demeree and coworkers (84, 81, 75, 76, 82, 161, 329) 
have shown that bacteria with presumed common biochemical defi- 
clencies are in each case mutant within certain small regions of the 
chromosome. In general, the mutants of each group produce few or 
no wild-type recombinants in reciprocal transduction experiments as 
compared with large numbers recovered after transductions with other 
mutants or wild-type bacteria. The very closely linked markers, con- 
stituting transduction groups (78), are interpreted as sites of mutation 
within specific gene loci. The mutant loci are thus alleles, or non- 
identical alleles. Each locus has its own primary discrete funetion. such 
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as a role in the production of a specific enzyme. The gene locus, there- 
fore, is defined as a functional unit, a small length of the bacterial 
chromosome. It is a complex unit which is divisible by mutation and 
recombination. 

Further, mutant alleles producing the same general phenotype (e.g., 
histidine requirement for growth) are in many cases linked with one 
another. In these cases the apparent sequence of the gene loci on a link- 
age map parallels precisely the presumed sequence of biochemical 
reactions leading to the synthesis of the required compound. With such 
loci in close juxtaposition, it is obvious that both genetic and bio- 
chemical tests are required for an analysis of allelism. Thus, some 
phenotypes which we currently indicate as being produced by mutation 
at a single locus may in the future be shown to involve changes at any 
one of several functionally differentiated regions within a small chromo- 
somal section. It should be noted that, in spite of this close spatial rela- 
tionship of the loci on the chromosome, the functioning of individual 
loci is not grossly affected by mutation at sites in nearby loci (161). 

Fig. 5 shows a “magnification” of a chromosomal section based on 
transduction tests in Salmonella (161). Following the convenient 
nomenclature outlined by Demeree (77), each independently obtained 
histidine auxotroph is designated by a number and, after analysis is 
sufficient, a capital letter is added to designate the locus (A-G). The 
order of the loci and the chemical reactions they have been associated 
with are designated with some assurance. The presumed sites of 
mutation of alleles at each locus, as denoted by mutant numbers, are 
placed within each locus in a tentative order only (161). All mutants 
tested which are primarily histidineless fall into one of the seven 
groups depicted in Fig. 5 (161, 336). 
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Fic. 5. Linkage map of the histidine region of the 
Salmonella typhimurium chromosome 
Probable relation of gene loci (A-—G) with enzymatic reactions (A—G) in the 
proposed primary pathway of t-histidine synthesis. Consult text for further 
description. 
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The hatched region shown in Fig. 5 indicates that no wild-type 
recombinants are recovered in transduction tests with other locus B 
alleles when hi-22 is used either as donor or as recipient. Several addi- 
tional mutants of this type, involving other loci, have been described 
(75, 329). Thus they occur with low frequency among spontaneous 
mutants selected for any of several nutritional deficiencies (and cor- 
responding loci). In hi-22 the effect appears to be restricted to a single 
locus. However, mutants of this type are found with much higher 
frequency among derivatives mutant at the cysD locus; the effect here 
often appears to extend into a portion of a second locus (cysC), adja- 
cent to the cysD locus (Clowes, cited in 76, 336). 

Some mutant alleles which do not show evidence of recombination 
with each other (black circles, Fig. 5) nevertheless can be distinguished 
by their rates of mutation to prototrophy and the types of mutants 
obtained (e.g., hi-9 from -18) or by their behavior in transductions 
with other mutant markers (e.g., hi-9 from -18; hi-12 from -24). This 
leaves in the series of mutants examined only hi-I and -36 as probable 
repetitions of an identical mutation, Still further criteria (e.g., the use 
of suppressor mutations) might well reveal differences even between 
these two markers. 

The above results may indicate that a mutation sometimes involves 
a greater than minimal portion of the gene locus, as found to be true in a 
similar situation for some phage mutants by Benzer (18, 19, this 
symposium). 

As mentioned above, the various mutants comprising a transduction 
group (alleles of a single, functional locus) show differing, but indi- 
vidually characteristic rates of spontaneous and induced mutation to 
prototrophy as well as distinctive types of revertants. More extensive 
analyses of this phenomenon with regard to other Salmonella mutants 
have been made by Z. Hartman (164) and Yura (329). Differences in 
the non-identical alleles are also demonstrable at the genetic level by 
differential specificity of suppressor mutations (329, 292). With 
regard to secondary properties, the alleles are biochemically a hetero- 
geneous group as evidenced, for example (Fig. 5), by the unique tem- 
perature sensitivity of hi-15 or the ability of hi-32 to grow slowly on 
purines as an alternative growth requirement (161). 

. A similar demonstration of non-identical alleles and sequentially 
linked loci has been made for tryptophan mutants in Salmonella (79, 
82). This system is technically superior for genetic analysis because 
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the growth responses to biosynthetic intermediates (or compounds 
closely associated thereto, see 38, 150) and the presence of linkage to 
a cystine locus (cysB) allow three- and four-point recombination 
analyses. “The genetic markers controlling tryptophan synthesis in 
E. coli K12 are closely linked to each other and to a marker controlling 
cysteine synthesis. The ordering of these markers is not yet definite, 
though there is some evidence not inconsistent with ordering according 
to the tryptophan biosynthetic sequence” (237). 

Other instances in Salmonella of linked loci controlling steps in bio- 
synthetic sequences are cited by Demerec (76). As noted in the 
previous section, still further situations may be uncovered in further 
genetic analysis of H. coli K12. However, not all complete biosynthetic 
pathways have as their reflection the same type of sequential genetic 
arrangement (some exceptions noted in 76). Certainly, further eluci- 
dation of the genetic arrangement will provide a powerful tool for 
understanding metabolic interactions at the cellular level. The peculiar 
distribution of related loci in the gram-negative bacteria differs from 
that observed for analogous loci in Neurospora (15) and for loci 
determining sequential biochemical activities in other organisms 
(examples in 309). 

Ozeki (271) finds that abortive transductions in Salmonella purine 
mutants are detected with phage prepared only on non-allelic mutants 
(329) or on wild-type bacteria. The abortive transductions are inter- 
preted as functionally analogous to trans-heterozygotes for the small 
region of the chromosome encompassing the mutant allele. It is reason- 
able to assume that the phenotype of trans-heterozygotes, whether 
heterozygosity is complete or involves only the segment of the chromo- 
some under study, alone may be a valuable tool for tentative decisions 
concerning allelism. This is a presumptive test only since, while the 
agreement with transduction and biochemical grouping is excellent in 
Ozeki’s experiments, further complications may arise in other situations. 

By transduction tests, Lederberg and Edwards (230) found two loci 
which are implicated in determining the serological specificity of 
flagella in Salmonella. One locus (H;) controlls the specificity of phase 
1 (“specific” phase) and the other locus (Hz) phase 2 (“group” or 
“nonspecific” phase). Some phase 1 antigens are serologically indistin- 
guishable from phase 2 antigens of other strains; phage prepared on 
these strains nevertheless transduced the locus of the phase appropriate 
for the donor (see section IV-B). In single organisms, only one phase 
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(one antigen complex) is expressed at a time. The change in expression 
from one phase to the other resembles a mutational event; “the rates 
are such that any (diphasic) culture will tend, as it grows, towards an 
equilibrium composition in which the specific phase predominates” 
(294). There appears to be some correlation of the rates of change, back 
and forth, to the two phases, though that leading to the specific phase is 
usually the higher (294). Lederberg (225) has reported a correlation 
“between antigenic state of the donor cells and the transductive com- 
petence of phage lysates,” a correlation indicating that ‘the differentia- 
tion is based on the H; and Hy» loci themselves.”’ Although controlled 
by presumably single loci, phase antigens are serologically subdivisible. 
Each flagellum, however, contains the complete antigenic complex 
(262). Mutation may occur at one of the H loci, and lead to the pro- 
duction of a serologically distinguishable antigen (225; also see 
“induced phases” in 207). In addition, some cultures are monophasic; 
these strains may become diphasic following transduction (230). 
Further properties of flagella and flagellar antigens are reviewed else- 
where (207, 297, 9, 260, 189). 

Several loci have been implicated by transduction tests in the pro- 
duction and the functioning of flagella. Without adequate production 
of the organelles, the antigen-determining loci either are not expressed 
(298) or possibly are very poorly expressed (see 294). This weak 
expression may be due to the presence of “leaky” mutant alleles, which 
allow the formation of a few flagella in the population (see discussion 
in section V-A). A locus governing the production of flagella is linked 
to one controlling serological specificity (298, 208). This linkage has 
enabled Stocker (cited in 334) to map three markers controlling the 
production of flagella. Motility may also be transferred from E. coli 
K12 to Z. coli B-K12 hybrids during sexual recombination (141a, 44). 


Seven lactose loci have been described for E. coli K12 (222, 231, 213). 
The allele conferring ability to ferment is usually dominant to that 
responsible for failure of lactose utilization (220). The loci, lac, and 
lacy, are very closely linked (see Fig. 4) but are genetically dissimilar, 
as shown in diploids by their wild-type activity when present in the 
trans-configuration (222, 231). Bacteria mutant at the lac; locus differ 
phenotypically from those mutant at lacy (222, 231), for lac, mutants 
possess a low residual activity absent in lacy mutants (213). Recently 
it has been found that mutation at lac, prevents lactose utilization by 
eliminating the adaptive synthesis of a galactose permease (y factor, 
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see 256a) which may be concerned with the penetration of lactose into 
the cell (57a). On the other hand, lacy is involved in the adaptive 
production of B-galactosidase. A third, closely linked locus, ind, governs 
the inducibility of both these enzymes (57a), i.e., provided the bacteria 
are genetically able to form the galactosidase and the permease, both 
systems will be adaptive (ind~) or constitutive (ind—). For example, 
if the bacterial genome contains ind— and a mutation at the lac, locus, 
the £-galactosidase is constitutively produced but the cell cannot 
utilize lactose at an appreciable rate because of its inability to form 
the permease (see results in 58). A fourth locus, lacs, also appears to 
be intimately involved in B-galactosidase activity (57a). Sexual recom- 
bination has been demonstrated between non-identical alleles of the 
lac, locus (insert, Fig. 4). These non-identical alleles of lacy produce 
lactose-positive diploids when in the presumed cis state, but lactose- 
negative diploids when in the trans-configuration (231, 213). E. M. 
Lederberg (213) has found that various mutant alleles of lac, revert 
to lactose fermentation at different rates. She has obtained evidence 
in some cases for the presence of suppressor mutations in the revertants, 
while in other cases the reversion appears to occur at the locus involved 
in the original mutation. Additional lactose loci (lacs, lacs, lace, and 
lac;) are apparently neither closely linked with each other nor with 
lac,-lacy. Limited physiological data relating to them have been 
published (222, 231). It has been reported that #. coli K12 may pro- 
duce a multiplicity of B-galactosidases (2). 

Through the use of prophage-linked transductions, Morse et al. (258, 
2592) have initiated a study of galactose mutants in £. coli K12. All 
of the mutants used in the study were indistinguishable on eosin, methy- 
lene blue, galactose medium and_ produced gal+ recombinants in 
reciprocal transduction experiments. However, gal;, gals, and gal; were 
found to have a weaker lactose positive phenotype than gal, and galg 
(259a). Gal, and gals give a negative phenotype in the trans-configura- 
tion and a positive phenotype in the cis-configuration (259a) ; gal, may 
be assumed to be allelic to gal, (insert, Fig. 4). Furthermore, one may 
infer from the data (259a) that galz and gals give a positive trans- 
heterozygote with gal,; gals acts similarly when in the trans-configura- 
tion with gal,. This indicates that gals and gals are probably non-allelic 
to gal; and gal,. Thus there appear to be several closely linked gal loci. 
At least one of these loci is divisible by mutation and by recombination. 


It may be noted here that transduction of loci controlling the potenti- 
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ality for the formation of adaptive enzymes appears to occur readily 
even though the donor bacteria are in the unadapted state (data in 
335, 11, 12, 164, etc.). 

In £. coli K12 the markers conferring resistance (7) and those con- 
ferring partial resistance (pr) to phages T1 and T5 (recT1,5, Fig. 4) 
are recessive to the wild-type allele allowing sensitivity. Diploids con- 
taining the r and pr markers in the trans-configuration are sensitive, 
but no crossovers between these markers have been detected in segregant 
progeny (222, 231). This may indicate the presence of two very closely 
linked loci, one of them (pr) possibly involved in host modification 
(e.g. 269). On the other hand, the two markers may be allelic; the pr 
mutants might be considered “leaky” mutants, serving to produce 
particulate receptor sites (313, 314) at a rate low enough to allow 
adsorption of phage by some cells only (differential receptivity, cf. 310, 
311). In a slower dividing or otherwise altered diploid, the dilution 
of the receptors may not keep up with their synthesis, and thus allow 
a return of sensitivity. The locus, recT1,5, appears to be closely asso- 
ciated with, if not the same as, a locus conferring resistance to bac- 
teriocin B (131). Independent isolates of T1,5-resistant mutants in 
£. coli B, where no partial resistance has been described, are considered 
as allelic (66). A second locus in K12, concerned with resistance to 
T1 phage only, is not closely linked with recT1,5 (217, 220, 222, 231). 
In £. coli B an analogous mutant (80) also usually shows a tryptophan 
requirement (3, 150). A third locus, giving rise to unstable, mucoid 
Tl-resistant bacteria, is genetically differentiable from the other two 
resistance loci (217). > 


All markers endowing high levels of resistance to streptomycin 
appear to be very closely linked on the E. coli K12 chromosome; muta- 
tions to streptomycin dependence appear to be allelic to those for 
resistance (85, 86, 73, 74, 266). The resistance allele is recessive to 
wild-type sensitive (223). Attempts to obtain bacteria heterozygous 
for resistance and dependence have failed (51). Strains containing 
diverse resistance alleles exhibit a number of secondary differences (85, 
86, 74, 73). A series of dependent mutants, tested for reversion to 
streptomycin independence (23), were uniform in showing mutagen 
susceptibility and in the pattern of a delayed appearance of induced 
mutants. However, wide differences were found in the rates of mutation 
(210). Direct “induction of mutation” to streptomycin resistance has 
been reported (1, 301), and the nuclear nature of the change confirmed 
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by sexual recombination studies (301). A closer examination of this 
system has indicated that it is highly likely that spontaneous muta- 
tion and selection, rather than direct induction, operate in producing the 
resistant mutants (Szybalski, in 42). 

The mut locus of Treffers et al. (306) increases the spontaneous 
rates of mutation of a number of other loci, including str. The same 
str locus is involved in mutation whether in a mut-containing stock 
or not (288a). Mutation rates at a p-aminobenzoic acid locus (41) 
and a locus conferring resistance to T2 phage (306) do not appear to be 
affected by the presence of mut in the genome. The close linkage of 
mut to lew (Fig. 4) suggests the possibility for its use in obtaining 
new mutants and a subsequent elimination of mut by linked transduc- 
tion with lew. A second highly mutable strain of FZ. coli has been 
described (145). McClintock (256) has pointed out possible similarities 
in the action of elements of mutable strains of bacteria and elements 
governing mutability in maize. Contrariwise, one may speculate that 
the two systems are basically different and that the mut locus is 
concerned with the production of a substance, such as catalase, which 
may secondarily affect mutability. This suggestion is in part prompted 
by the preliminary experiments of Englesberg and Skaar (in 41), 
which show that the effects of mut are greatly decreased in anaerobically 
grown cultures. 


VII. CoNcLUSION 


Some elementary features of diverse processes involved in the cell- 
to-cell transfer of hereditary traits in a few bacterial genera have 
been reviewed. In all cases the evidence indicates that the transfer of 
the genetic characters is unidirectional. In most, if not all, cases only 
a portion of the genetic complement is transferred from donor to 
recipient bacteria. Many transfers very likely involve hereditary 
material of the bacterial nucleus (chromosome). DNA is implicated 
as underlying the genetic specificity of the transferred material. 

Once transferred to recipient bacteria, the genetic fragments may 
be carried by the cell in functional form but without being incorporated 
into the replicating genome. In other instances, the transferred genetic 
material may synapse with its homologue in the recipient cell. Some- 
times these incoming fragments, or replicas of them, are further repli- 
cated along with the chromosome of the recipient bacterium. These 
partial diploids may later segregate, or the genetic material of the 
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diploid portion of the chromosome may undergo recombination by 
crossing over or by other means (designated as “integration’’). In 
many cases integration rapidly follows genetic transfer, without any 
detectable persistence of the diploid state. 

The convenient methods applicable to bacterial genetics, coupled 
with the unique features of the types of transfer, have allowed a rapid 
growth of this new branch of genetics. As yet, the data are mainly 
of a sketchy and fragmentary nature. In this review, interpretations 
which are still limited by the available facts have been superimposed 
on these data. Since most of these interpretations are amenable to 
further experimental testing, we can be sure that rapid progress will be 
made in their development and maturation. In spite of these uncer- 
tainties, a number of model systems have been developed to a degree 
which allows the formulation of both theoretical and mechanistic 
concepts with strong implications for biology in general. 
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Discussion 


Dr. Katckar: I have a non-aggression pact with Dr. Lederberg not 
to make schemes, circles or models from what I am going to present. It 
will just be hard irreducible facts. Perhaps I will be tempted once 
in a while to talk about the keyboard of a piano, but I will try to do 
it planissimo. 

Through a fortunate collaboration with Lederberg’s group, Dr. 
Kiyoshi Kurahashi, who at present is working in our laboratory, has 
put to use some methods which we have designed for studying cellular 
galactose metabolism, including a class of human galactose-negative 
mutants comprising a human hereditary metabolic disease called con- 
genital galactosemia. (Kalckar, H. M., Anderson, E. P., and Issel- 
bacher, Kurt J., Biochimica et Biophysica Acta, 20, 262 (1956) ). 
Morse and the Lederbergs have found that a particular lysogenic phage 
of K12, A, is able to transduce hereditary units concerned with galactose- 
metabolism. Morse and Lederberg have described the various galactose 
negative strains (cf. Morse, Lederberg, E., Lederberg, J.—Genetics, in 
press) in a large paper which is almost a monograph. A few words about 
the biochemical steps involved. Leloir discovered that the inversion 
of galactose to glucose takes place on a uridine nucleotide. The equa- 
‘tion is simply: UDPG-galactose = UDP-glucose. We have isolated 
the enzyme which catalyzes the incorporation of phosphorylated galac- 
tose (a-galactose-1-phosphate or simply PGal) into uridine nucleotide. 
This incorporation enzyme we call PGal-uridyl transferase, or simply 
PGal transferase. The inversion enzyme, Galwaldenase, was also puri- 
fied. (Maxwell E., unpubl. studies (1956)). The steps can be sum- 
marized as follows in which URP-PG signifies uridine diphosphoglucose 
and URP-PP uridine triphosphate. 


I ATP + Gal— ADP + PGal Gal kinase (Gal phos- 
phorylation) 
II PGal-+ URP-PG = PG + URP-PGal PGal-uridyl transferase 
(PGal incorporation) 
it’ URP-PGal = URP-PG Gal-Waldenase (Gal in- 
version ) 
IV PP+ URP-PG = PG + URP-PP P-G release (PG release) 





In human hereditary galactosemia steps I, III and IV are present 
but step II is either totally absent or in one case present in amounts 
about 5 per cent of normal; this was studied in erythrocyte lysates as 
well as in extracts of liver microbiopsies (Anderson, E. P., Kalekar, 
H. M.. and Isselbacher, Kurt, J., unpubl. studies (1956)). We have 
also studied other tissues and cells but this topic actually touches the 
problem of differentiation and we will drop that here. OY ae 

I hope that Dr. Lederberg will elaborate on the genetic intricacies 
of the story of transduction in £. coli K12, which is definitely not my 
field in spite of my graduation from the Delbriick phage course in 1945. 
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I shall only mention the features most necessary for what I have in 
mind bringing up here. According to Morse, Lederberg and Lederberg, 
strains listed in the table are characterized as follows: The Gal-nega- 
tives of the numbers 1, 4, 6 and 7 give, when combined (and this is 
recombination with A) mainly Gal-negative strains plus a very low 
percentage of gal-positive recombinants. They must, therefore, con- 
stitute a tune of small intervals when ‘played’ on the genetic ‘key- 
board’. Gal-negative number 2 yields by transduction recombination 
with either 1, 4 or 6 mainly galactose-negative strains, but also at 
a low percentage gal-positive recombinants. Dr. Kurahashi (K. Kura- 
hashi, Science, in press) has shown that the methods outlined for 
mammalian cell lysates also work well in extracts (prepared by grind- 
ing or mechanical vibration) of Z. coli. The methods seem to constitute 
a sensitive and specific tool for mapping of the genes concerned with 
the above-mentioned metabolic steps of galactose metabolism. As will 
appear from the table 1, Gal-negatives 1, 4, 6, and 7, which are blocks 


TABLE 1 


THe DISTRIBUTION OF THE GALACTOSE-METABOLIZING 
ENzYMES IN E. coli Mutants 








Gal-1-P Ee 
Strains Kinase Trans. Trans. Waldenase 
Gal + (W3100) + + + + 
Gal, — (W3091) + —- + + 
Gal.— (W3092) — + 4. a8 
Gal,;— (W3094) ae = ale + 
Gals— (W3096) + = a5 
Gal;— (W3097) + — + 
(W3142) os ae 4. 4 








in closely linked alleles, have a block of the same step enzyme. This 
turns out to be PGal transferase. Conversely the Gal-negative number 
2 strain has plenty of this enzyme but lacks the galactokinase which 
is present in 1, 4 and 6. I encouraged Dr. Kurahashi to make hybrid 
extracts, 1.e., to mix an extract from, let us say, mutant number 1 
with an extract from mutant number 2. Such a recombined enzyme 
mix should be able to bring about incorporation of free galactose into 
nucleotide. By making hybrid extracts between 1 and 2, and tracking 
down the incorporation of C!4 galactose into nucleotides by a method 
recently developed by us (Anderson and Kalckar, unpubl.), he could 
show that free galactose can in fact again be metabolized. Strain 1 
provides the Gal kinase and strain 2 the PGal transferase. 

Table 2 summarizes some of these experiments and some of the con- 
trols. It should be emphasized that a mixture of extracts of mutants 
blocked on genes involved in the synthesis of the same enzyme did not 
give a significant amount of counts in the nucleotide fractions. 
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Another strain, W3142, which Morse and the Lederbergs describe as 
being blocked in a gene further away from the above-mentioned cluster 
was found to be galactokinase-negative. 

I am especially intrigued with an idea of trying to study incomplete 
enzymes in hereditary blocks. We have tried to see whether in heredi- 
tary galactosemia PGal transferase may have preserved the ability 


TABLE 2 


GaLacTose-1-C14 INcorporaTeD INTO UDPG sy Mixep Extracts OF 
E. coli Mutants 





Gal + (W3100) 


a A> ss z=% — 4 = a == ae = 

Gah — (W3091) ik) Simei - — + + - - 
Gals— (W3092) - -~-+- - 7 + — — + - 
Gal,— (W3094) ete oan “ pene ae A 
(W3142) - —- — = + - - - + + 7 

mom X 10-of 33.910 0 0 0 37.6 296 0 362 0. 398 


UDPGal formed 








to exchange PGal with URP-PGal but lost its ability to exchange with 
the other group, i.e., PGal versus URP-PG. Apparently both activities 
are lost in the human Gal-mutant. It would be interesting to study 
the same properties in the Lederberg strains as well as to make 
attempts to characterize the inactive proteins immunologically, espe- 
elally the extracts from recombined Gal negative strains. 


The lack of incorporation in mixtures of extracts from mutants 
defective in the same enzyme have served, as just mentioned, as useful 
controls. The outcome here might be very different if the biological 
activities of the broken cell preparations were preserved by special 
measures. What I mean to say is that one should encourage attempts 
(oO mix protoplast preparations or other types of lysates which are 
still capable of synthesizing proteins including PGal transferase. 
Lysates from strains blocked in an identical enzyme might contain 
ncomplete fragments of the same enzyme which when put together 
night make the enzyme operate naturally again. Such events might be 
lismissed as a too unlikely possibility. However, sensitive biochemical 
assays are now at hand. Moreover, Lederberg has just developed an 
legant new technique for obtaining active protoplasts (Lederberg, 
PNAS, in press). We must first of all remain unprejudiced and not 
ye over duly impressed by predictions about expected stabilities or 
nstabilities, or we shall miss great opportunities. 

Dr. Hartman: It is of interest that, in so far as the limited data over- 
ap, the biochemical data presented by Dr. Kalckar agree perfectly 
with the genetic results of Morse and the Lederbergs. One way we can 
est for these “cistrons” is through diploidization of a small chromo- 
omal segment linked with lambda prophage or, in sexual recombina- 
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tion, by diploidization of larger regions of the chromosome. As men- 
tioned briefly in my talk, a second method, by which only the critical 
trans configuration may be detected, utilizes abortive transduction (see 
reference.271). 

Transducing phage, prepared on non-allelic mutants or on wild-type 
bacteria, produces minute colonies in addition to the large colonies 
composed of true genetic recombinants and characteristic of most intra- 
locus and inter-locus tests. On the other hand, phage prepared on 
allelic mutants, presumably blocked in the production of the same 
enzyme, gives no abortive transductions (minute colonies) in intra- 
locus tests. While exceptions to this latter situation have been found, 
it may be that in these exceptions we are dealing with two or more 
adjacent loci which more refined analyses will show to differ bio- 
chemically. The abortive transduction test is applicable to all series 
of biochemical mutants so far thoroughly examined, including the 
histidine mutants depicted in my figure 5 (Demerec, et al. 1956 
Carnegie Inst. Wash. Yearbook 55: In press). There is striking agree- 
ment between results with the abortive transduction test and grouping 
by other transduction methods. 


Dr. Luria: I would like to present some data of Lennox that bear 
on the matter of the amount of genetic material of a bacterial cell 
that may be transduced by one bacteriophage particle. Using phage 
P1 and EZ. coli K-12, and examining the well-mapped region of threonine- 
arabinose-lysine-valine resistance and azide resistance, Lennox finds 
that all these characters can be transduced by a single particle but 
the frequency of joint transduction decreases in the same direction as 
the map distance increases. The frequency of transduction decreases 
rather slowly as the size of the transduced region increases from Ara 
to Val, but much faster when it increases to include T or Az. The 
maximum coincidence of transduction has been found to be not more 
than 1 in 1,000 for the whole region T to Az. From the work of Drs. 
Wollman, Jacob, and Hays, there is now a way of measuring quite 
accurately the proportion of the total bacterial genome that the trans- 
ductal region encompasses, and it turns out to be somewhere between 
1% and 2%. Assuming that the bacterium has on the average two 
nuclei, that the nuclei are the source of the transduced DNA, and 
that a single bacteriophage particle has an amount of DNA of the 
order of 1% that of the bacterial cell, it turns out that the maximum 
fraction of genetic material that can be transferred by a single phage 
particle—and this very rarely—is of the same order of magnitude as 
the fraction of lost DNA that could fit a normal phage particle. 


Dr. Kine: I was just observing the activity of an enzyme lambda 
waldenase. As you know, the wild type which is found in Greece is 
always the levo lambda. However, when it is subjected to the action 
of an enzyme it is converted into the dextro lambda. I have noticed 
two things: first, there is a very high activity of lambda awaldenase 
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here; second, I think that the levo form, the one that occurs in the wild 
state in Greece, is essentially unstable with respect to the dextro 
lambda, because all the lambdas that I have seen this morning have 
been dextro lambda. 

Dr. LeperserG: Would Dr. King define his terms? 

Dr. Kine: A (levo lambda), 4 (dextro lambda). 
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INTRODUCTION 


ABOUT SIX YEARS ago, after a decade of eclipse, the attention of 
biologists was drawn back to lysogeny by the work of A. Lwoff. Since 
that time, lysogenic bacteria have received considerable attention. 
As a matter of fact, they constitute a rather unique example of 
healthy cells carrying indefinitely the potentiality of producing viruses. 
In lysogenic bacteria, the genetic material of the virus behaves as a 
cell constituent endowed with genetic continuity and appears to be 
incorporated into the genetic make-up of the host. Lysogeny offers, 
therefore, the first experimental evidence in favor of a direct relation- 
ship between a cellular gene-like structure and a virus. 

Various aspects of lysogeny have been recently reviewed (21, 24, 43). 
The present paper aims to recall briefly the general properties of 
lysogenic bacteria and to discuss in more detail recent information — 
which throws some light upon the state of the viral material in 
lysogenic bacteria and its relationship with the host bacterium. 


THE PROPHAGE 


It is now well established that bacteria of certain strains are able 
to release bacteriophage in the absence of any infection by external 
particles. These bacteriophages can be detected through their ability 
to multiply on certain other strains of bacteria which are sensitive to 
their action. The phages released by lysogenic bacteria are called 
temperate phages and they possess a very important property, absent 
in virulent phages: temperate phages are able to establish new lyso- 
genic systems, that is, to lysogenize sensitive, previously non-lysogenic 
bacteria. When such sensitive bacteria are infected with temperate 
phage particles, a certain fraction of the infected bacteria lyses and 
liberates phage, but another fraction survives, becomes lysogenic, and 
gives rise to lysogenic progeny. Each of their descendants remains 
indefinitely able to produce phage, and the phage particles released 
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by such clones are, in all respects, identical to the one used for the 
initial infection. Lysogenic clones arising by infection cannot be 
distinguished from lysogenic strains isolated from natural sources. 

Every bacterium of a lysogenic population gives rise to a lysogenic 
clone, that is, produces cultures in which phage particles can be 
detected. However, in a lysogenic population, most of the bacteria 
do not release phages. Phages are produced only by a small fraction 
of the bacteria and are liberated by bacterial lysis (44). 

One is faced, therefore, with the problem of how phage material 
is propagated in lysogenic bacteria. What happens to a phage which, 
by infection of a sensitive bacterium, gives rise to a lysogenic system, 
and which, after many bacterial generations, can reappear as infective 
particles liberated by the progeny of the original bacterium? No 
infectious particles can be found by disrupting lysogenic bacteria (9). 
One is led therefore to conclude that lysogenic bacteria do not contain 
mature phage particles, but instead must possess a non-infectious unit 
which carries the information necessary for the production of phage 
particles. Every individual of a lysogenic population has to contain 
at least one of these units, for which the term prophage has been 
coined (44). The prophage can be visualized as a non-pathogenic state 
of the phage whose replication is coordinated with the division of the 
host and which provides the host with the information necessary for 
the synthesis of phage particles. 

Obviously, any attempt to elucidate the problem of lysogeny re- 
quires better knowledge of these specific units endowed with genetic 
continuity. It is necessary to know how the presence of the prophages 
can be recognized, what is their composition, and how many of them 
‘are present in a bacterium. We intend to describe here the experi- 
mental evidence which affords a partial answer to these questions. 
More specifically, evidence pertaining to the location of prophages 
within bacteria, as well as their relationships with other cell consti- 
tuents, will be discussed. 

To begin with, we shall summarize the properties of lysogenic 
bacteria which express phenotypically the presence of a prophage. 


EXPRESSIONS OF LYSOGENY 


Lysogenic bacteria differ from the corresponding non-lysogenic bac- 
teria by two properties. The first one is the capacity to produce phage. 
Since phage production is a lethal process, which results from the 
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development of the prophage, it remains in lysogenic bacteria as a 
potential character at the bacterial level. The second property of 
lysogenic bacteria is their immunity against the phage they are able 
to release (homologous phage) : upon infection with homologous phage, 
lysogenic bacteria survive and the infecting particles do not multiply. 
Immunity may be expressed in every bacterium of a lysogenic popu- 
lation. Indeed, it represents the phenotypic expression of the prophage 
in the lysogenic system. 

These two characters, which allow one to detect the presence of a 
prophage, will now be considered in turn. 


Phage Production. 


Spontaneous production. During the exponential multiplication of 
lysogenic bacteria, the number of free phage particles increases pro- 
portionally to the number of bacteria. It can be demonstrated that 
phage particles are not secreted by living and multiplying bacteria, 
but are released by the lysis of a small number of bacteria (44). The 
probability of phage production per bacterium per generation time is 
rather low, from 10° to 10°, and, under given cultural conditions, 
is constant for a given lysogenic strain. When lysing, a lysogenic 
bacterium releases the same number of phage particles as a sensitive 
bacterium infected with the same phage. 

Induced production. Phage production occurs spontaneously in an 
apparently random manner within a few individuals of a lysogenic 
population. The factors which elicit the spontaneous production of 
virus particles are unknown. In some strains, the probability of phage 
production cannot be modified. In other strains it can be increased up 
to nearly unity by exposing cultures of such lysogenic strains to various 
agents, as observed by Lwoff, Siminovitch, and Kjeldgaard (46). 

This process, called induction, is under the control of at least three 
factors (21, 43). First of all, induction requires the exposure of lyso- 
genic bacteria to the action of an inducing agent. Most of the agents 
which elicit prophage development are known to exhibit mutagenic 
or carcinogenic activity in other systems. Ultraviolet light (UV) has 
been the most commonly used. Analysis of UV-induced phage produc- 
tion by lysogenic bacteria carrying two different, but related, prophages 
has led to the conclusion that prophage development does not result 
from a direct change in the prophage itself, but from an indirect effect 
mediated through the bacterium (21). It is not surprising, therefore, 
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that the physiological conditions of the bacterial population control 
the efficiency of the inducing shock. Finally, the existence of a genetic 
factor is shown by the fact that only certain lysogenic systems are 
inducible. As a rule, inducibility behaves as a property of the pro- 
phage, not of the bacterium. The presence of an inducible prophage 
confers upon its host an increased sensitivity to the lethal action of 
the inducing agents. 

Under suitable conditions, phage production can be initiated in 
every bacterium of a lysogenic population, even though infective 
particles could not have been detected, had the bacteria been dis- 
rupted before exposure to the inducing agent. Induction therefore 
demonstrates that the prophage can express its potentiality in every 
bacterium of a lysogenic population. It thus permits the study of 
lysogeny, and more especially, of phage development in the absence 
of infection. This approach has shown that, after exposure of lyso- 
genic bacteria to inducing agents, the features of phage multiplication 
follow the same steps as infection of sensitive bacteria with the 
homologous phage (24, 43). Phage production by lysogenic bacteria 
appears as a consequence of a shift from the prophage, whose replica- 
tion is balanced with the division of the host, to the so-called vege- 
tative phage, which is not balanced but actively multiplying and in 
the process of being converted into mature particles. 


Immunity. 

The presence of the prophage also confers upon its host bacterium 
the remarkable property of resistance to the infection by homologous 
phage. This immunity is established against all the mutants of the 
homologous phage, with the exception of a special class of mutants 
which, for this reason, have been called virulent (24, 27). As a rule, 
lysogenic bacteria are able to adsorb the homologous phage particles. 
Such a superinfection does not alter bacterial growth or division. The 
genetic material of the superinfecting particles penetrates the bacteria, 
but does not multiply. It behaves as if it were an inert particle and 
is diluted out in the course of bacterial multiplication (7, 21). How- 
ever, the superinfecting phage can enter the vegetative phase and 
multiply in those bacteria in which prophage develops, either spon- 
taneously or after induction. When lysogenic bacteria, for example, 
are first induced with ultraviolet light and then superinfected with a 
mutant of the homologous phage, both types of particles are released 
upon lysis (24). 
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Capacity to produce phage and immunity constitute the two criteria 
by which the presence of a prophage can be detected. When the pro- 
phage is lost, both properties disappear. Since phage production 
results from a disturbance in the equilibrium of the prophage-bac- 
terium system, immunity represents the only permanent expression of 
the prophage. One may imagine a situation in which the presence of 
a prophage can be detected only through bacterial immunity, phage 
particles never being produced. Such conditions are almost completely 
fulfilled in the case of the so-called defective lysogenic strains which 
result from mutations of the prophage. 


PROPHAGE MUTATIONS 


Mutations are known which affect various properties of temperate 
phages. They occur during vegetative multiplication. Many of these 
mutations have also been found to occur in homologous prophages. 

Among the mutations which can affect the prophage, some are of 
particular interest because they result in the production of the so-called 
defective lysogenic strains. Such strains can be isolated among the 
survivors of normal lysogenic bacteria which have been exposed to 
heavy doses of ultraviolet light. In cultures of these defective lyso- 
genic bacteria, few, if any, infective particles can be detected. After 
UV induction, the whole of the population lyses in the same manner 
as a normal lysogenic population, but a very small fraction of the 
lysed bacteria—107 or less—produces phage (3, 29). Nevertheless, 
the lysogenic character of these defective bacteria is clearly demon- 
strated by the fact that they exhibit the same immunity pattern as 
their normally lysogenic ancestor. In this case, the expression of the 
lysogenic character remains lethal for the host, but is not accompanied 
by the release of infectious particles. Further, if it should happen 
that defective bacteria are not able to adsorb the homologous phage, 
their immunity pattern cannot be tested, Obviously, if one were not 
aware of the origin of such bacteria, their lysogenic character would 
hardly be recognized. 

Genetic analysis of such strains has shown that the defective char- 
acter can be ascribed to prophage mutations which disturb functions 
necessary for phage production (29). After UV induction, prophage 
development is initiated, but the prophage lesion prevents the com- 
pletion of infectious particles. The rare cases of phage production are 
due to back mutation of the defective prophage gene to the wild-type 
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allele. The defective mutation can be mapped on the prophage linkage 
group and it appears that mutations at different loci of the prophage 
result in alterations of different steps of phage synthesis and morpho- 
genesis (29). With defective lysogenic bacteria, we have therefore a 
remarkable situation in which the phage genetic material can be indefi- 
nitely perpetuated only in the prophage state because lethal alleles 
prevent phage production. Here, expression of lysogeny results in the 
disappearance of both the host and the virus. The study of such 
defective strains might be expected to provide valuable information 
concerning the genetic determinism and physiology of phage synthesis 
and morphogenesis. 


Tue NATURE OF THE PROPHAGE 


The prophage exhibits the same fundamental genetic properties as 
the homologous phage. It is endowed with genetic continuity. It can 
mutate. Furthermore, genetic recombination has been shown to occur 
among prophages, as will be discussed later. The prophage must there- 
fore contain, in part or in totality, the genetic material of the homolo- 
gous phage. From experiments of Hershey and Chase (18), it is ap- 
parent that the DNA of an infectious phage, but very little or none of 
its protein, enters the bacterium upon infection. Phage DNA seems, 
therefore, to possess all the information necessary for the bacterium 
to make complete phage particles. By definition, the prophage of a 
lysogenic bacterium is endowed with the same property. Immu- 
nological studies have shown that lysogenic bacteria do not contain 
any known antigen of the homologous phage (48). It seems reason- 
able, for the time being, to consider that the prophage is made essen- 
tially of DNA. No difference has yet been observed between the 
chemical composition of the DNA of a temperate phage and that of 
the host bacterium (43). 

One may wonder how much of the phage DNA corresponds to the 
prophage. This seems to be a rather difficult question, because as 
more information about phage becomes available, the more difficult 
it is to determine what fraction of the DNA of the phage actually 
corresponds to its genetic material. On the one hand, it seems that in 
the T-even phages, only a fraction of the total DNA could constitute 
the genetic core (40). On the other hand, it is clear from transduction 
experiments (55) that pieces of DNA which, as far as we can say, 
seem to have nothing to do with the phage material, can be included 
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within the coat of a temperate phage. For the time being, it is not 
possible to estimate the relative size of the prophage. 

A rather puzzling problem is to know what constitutes the difference 
between the “physiological” unit, the prophage, whose replication is 
balanced with that of the host, and the vegetative phage, which brings 
about the destruction of the host. Such a difference in the behavior 
of the two types of particles can hardly be ascribed to a difference 
in the nature of the genetic material, but rather in its activity. In a 
lysogenic bacterium, the prophage, presumably composed of DNA, 
replicates in harmony with the host cell. As far as we know, phage 
proteins are not synthesized. During the vegetative phase, not only 
does the phage genetic material replicate at high speed, but phage 
proteins are also produced. These are the only differences so far 
known between the lysogenic and the vegetative phases in the life 
cycle of a phage. It has been shown that the biosynthesis of a protein, 
such as a colicin, can be lethal (23). For the time being, there is no 
reason to ascribe the lethal action of the vegetative phage to the 
unbalanced multiplication of its DNA rather than to the synthesis 
of a protein. 


THe NUMBER OF PROPHAGES 


One cannot count directly the number of prophages present in a 
lysogenic bacterium. However, by a rather indirect method it is 
possible to estimate this number. The basis for this method rests on 
two facts. On the one hand, as previously shown, immunity of lyso- 
genic bacteria disappears when the prophage enters the vegetative 
phase, either spontaneously or after induction. On the other hand, 
it is known that when bacteria are infected with different ratios of 
two mutant phages the same ratios are found in the progeny. If now, 
in lysogenic bacteria, the assumption is made that one prophage plays 
the same role in phage multiplitation as an infecting particle, the 
number of prophages can be estimated in the following way: bacteria 
are induced with ultraviolet light, then superinfected with various 
known multiplicities of a mutant phage, and the composition of the 
bursts is analysed. If the basic assumption is correct, the number of 
prophages should be equal to that multiplicity of infection which 
allows a 1:1 ratio in the progeny. In this way, the average number 
of prophages has been found equivalent to the average number of 
nuclei per cell (24). An analogous result has also been observed with 
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a non-inducible strain (7). Lysogenie bacteria seem, therefore, to 
contain one prophage per nucleus. 

That a lysogenic bacterium contains a small number of prophages 
is also supported by the incompatibility between mutant prophages. 
It is known that when sensitive bacteria are successively exposed to 
the action of two or more wnrelated temperate phages, lysogenic strains 
carrying multiple prophages, one of each type, can be isolated. In 
other words, the presence of one prophage does not alter the ability 
of a bacterium to be lysogenized with an unrelated temperate phage. 
The result is quite different, however, when sensitive bacteria are 
exposed successively to the action of two mutants of the same strain 
of temperate phage. As a rule, such bacteria carry only one type of 
prophage (6). Bacteria carrying two mutant prophages can occa- 
sionally be isolated (3, 7, 22). This incompatibility between mutant 
prophages indicates that a given type of prophage saturates a limited 
number of bacterial sites. 


CHROMOSOMAL LOCATION OF THE PROPHAGE 


If a bacterium is made lysogenic by infection with a temperate 
phage, it is clear, from the work previously described, that, on the 
one hand, the lysogenic character is hereditarily perpetuated in the 
progeny of this bacterium and that, on the other hand, phage is main- 
tained in a non-infectious state, the prophage. Two questions there- 
fore arise. The first one is whether or not the prophage represents the 
only genetic determinant of lysogeny. The second is the location of 
the prophage or, in other words, what are the specific bacterial struc- 
tures which are present at a ratio of one per nucleus and which are 
saturated by a given type of prophage. 

Answers to these questions have been gained through genetic recom- 
bination of bacteria. Escherichia coli K12 is lysogenic and carries a 
prophage called 4. However, non-lysogenic clones can be isolated (36). 
The genetic behavior of the lysogenic character can therefore be 
studied through crosses between lysogenic (ly+) and non-lysogenic 
(ly—) bacteria. 

For a long time, bacterial recombination was restricted to crosses 
between different strains of E. coli K12, in which one recombinant is 
formed per million of each parental type. Such a low frequency of 
recombination makes difficult any quantitative work, but, in spite of 
this difficulty, the genetic analysis of A lysogeny began with this 
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system and has brought valuable information. In certain crosses, it 
was observed by Lederberg and Lederberg (38) and by Wollman (51) 
that the A-lysogenic character segregates among recombinants and 
exhibits a strong linkage with another genetic character, galactose fer- 
mentation (Gal). Such a result suggests that the lysogenic character 
is under the control of a nuclear determinant. That this nuclear deter- 
minant is the prophage itself is shown by the results of crosses involving 
two lysogenic strains, each one carrying a different mutant A prophage. 
In such a cross, it was first observed by Appleyard (2) that the indi- 
vidual phage characters are linked to the galactose locus. These 
conclusions have been confirmed by transduction experiments in which 
pieces of genetic material derived from a A-lysogenic (or non-lysogenic) 
donor were transferred, through a transducing phage, into a non- 
lysogenic (or lysogenic) recipient strain (22). 

When opposite mating types F+ and F— were discovered in E. coli 
K12 (16, 37), it appeared that A-lysogeny exhibited an asymmetrical 
behavior in reciprocal crosses between lysogenic and non-lysogenic 
bacteria (2,51). Whereas the ly— character of the F+ parent is trans- 
mitted to recombinants when the F— parent is lysogenic, the lyt+ 
character of the F+ parent is almost never found among recombinants 
when the F~ parent is non-lysogenic. Moreover, abnormalities were 
also observed in the segregation pattern of the galactose character for 
which linkage with any other character was still unknown. Such a 
situation was therefore hardly compatible with the expected behavior 
of a nuclear determinant of lysogeny. 


Although we are not primarily interested here in bacterial recom- 
bination, it seems necessary to summarize recent advances in this field 
because they are necessary for understanding the genetic determinism 
of lysogeny. Many of the difficulties preventing simple genetic map- 
ping, which have been observed in F+ x F- crosses, can now be 
ascribed to two main causes. On the one hand, bacterial recombina- 
tion is the result of a partial transfer of genetic material from the 
donor to the recipient parent (17). On the other hand, recombinants 
for nutritional characters cannot be formed by F* parents, but only 
by rare mutants arising spontaneously during the growth of F+ popu- 
lations (28). These mutants, called Hfr (for high frequency) are able 
to transfer with high frequency into F— cells the characters located on 
a given segment O-R (Fig. 1) of the chromosome, but not characters 
located on other segments (L703 
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Fic. 1. Diagrammatic representation of the chromosomal segment which can be 
transferred from the Hayes Hfr strain to F- bacteria 


This segment carries the following markers: synthesis of threonine (T), leucine 
(L), resistance to Az (Azt), to phage T1 (T1/'), utilization of lactose (Lacy), of 
galactose (Gal), \-lysogeny (X). O represents the origin or leading locus, R the 
region of preferential rupture, beyond which no marker of the Hfr, such as 
resistance to streptomycin (S") is transferred to the F- cells. In a cross Hr 
eh Aes "Lacy Gals ((\)- 8) Fs TL Ast Ts Laat Gale DO eee 
each marker can be mapped in two ways: A represents the percentage of 7+ L+ St 
recombinants which carry each of the unselected Hfr markers; B represents the 
time at which each marker enters the F~ cell when the parents are mixed at 
time O. The distance of R to the genetic markers is unknown. 


Experiments, in which the conjugation process between Hfr and F— 
bacteria was interrupted and the mating pairs separated by agitation 
in a Waring blendor, have enabled a better understanding of the 
mating process (53, 54). The O-R segment of the Hfr chromosome is 
an organized structure containing a linear array of genes. These genes 
penetrate the F— bacterium in a predetermined order, always the O 
extremity first, and at a rate slow enough so that the procedure can 
be interrupted at various times by mechanical treatment. The inter- 
ruption of the mating process does not prevent the genetic fragment 
that has already entered the recipient cell from being integrated into 
a recombinant. In the normal process, spontaneous chromosome break- 
age can occur in such a way that the amount of the Hfr material 
transferred into the F— cell varies from one mating pair to another. 
Bacterial conjugation can therefore be visualized as the injection of 
a segment carrying a limited number of linked genes, from an Hfr 
donor into a recipient F— bacterium. In the Hayes Hir strain (17), 
used for most of the genetic analysis of lysogeny which will be now 
summarized, the O-R segment which can be injected involves, among 
other known markers, the Gal and d loci (Fig. 1). 

Let us now examine the information about the determinism of 
A-lysogeny which has been obtained from Hfr & F~ crosses. First of 
all, crosses between non-lysogenic strains allow an accurate determi- 
nation of the linkage between the known markers of the O-R segment, 
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as schematized in Fig. 1. Now, in crosses between non-lysogenic Hir 
ly— and lysogenic F— ly+, the non-lysogenic ly— character is trans- 
ferred and segregates among recombinants in the same way as any 
other marker. It can be located at about 15 recombination units from 
Gal», at one extremity of the transferred segment (52, 54). 

In crosses where both parental strains are lysogenic, each one carry- 
ing a different mutant A prophage, the Hfr prophage segregates among 
recombinants in exactly the same manner as the non-lysogenic char- 
acter of the previous cross, and the same linkage is found with the 
other markers (52, 54). From these results we can therefore conclude 
that the A prophage occupies a definite position on the K12 linkage 
group and that, up to now, its behavior in bacterial crosses differs in 
no way from that of any other genetic marker. 

The situation is quite different in reverse crosses between A-lysogenic 
Hfr and non-lysogenic F—. Here, not only the A prophage of the Hfr 
parent is almost never inherited by recombinants, but alterations in 
the frequency as well as in the genetic composition of recombinants 
are observed. These abnormalities are the consequences of a pheno- 
menon designated as zygotic induction (25, 30). 


Zycotic INDUCTION 


When lysogenic Hfr are mixed with non-lysogenic F—, a number 
of F— bacteria, corresponding to about half of the input Hfr, lyse and 
release X phage particles. Careful analysis of the phenomenon has shown 
that during the mating process half of the input Hfr cells inject into 
F~ cells a piece of chromosome carrying the prophage A. The remain- 
ing half of the cells inject a shorter segment as a result of spontaneous 
breakage occurring before the penetration of the 2 prophage. Each 
time the prophage A enters a non-lysogenic cell, it develops and 
matures, thus bringing about lysis and destruction of the correspond- 
ing zygote. In crosses between H¢r cells infected with \ particles and 
F— cells, the infecting phages are not transferred into F— cells. In 
order to be transferred the phage material must be in the prophage 
state. Each time the prophage J is transferred into F— cells, it behaves 
as a lethal character which is immediately expressed (25, 30). 

It is obvious that such a phenomenon must lead to distortions of 
the segregation pattern, since all the zygotes (50%) which have 
received a big piece of Hfr genetic material carrying Gal and X are 
destroyed. The only ones (50%) which can survive and give rise to 
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recombinants are those which have received a smaller piece without A. 
A certain class of recombinants is therefore eliminated from the crosses. 
As a result, the more closely a character is linked to the A-locus, the 
greater the probability that it will not appear in the recombinants 
(25, 54). 

No similar phenomenon can be demonstrated in crosses involving 
a lysogenic F— parent, whether or not the Hfr parent is lysogenic. 
Since no prophage development occurs when the F~— parent is lyso- 
genic, in such crosses lysogeny does not lead to genetic distortions. 
Thus the presence of the prophage in the F— cell confers upon the 
zygote an immunity against the development of an homologous pro- 
phage carried by the genetic piece injected by the Hfr parent. The 
chromosomal location of the prophage can therefore be demonstrated 
only when the F— parent is lysogenic, but not in the reciprocal crosses 
(25, 30). 

That lysogeny is under the control of a nuclear determinant and 
that the only nuclear determinant is the prophage itself, which is 
located at a specific site of the bacterial chromosome, is therefore 
unambiguously demonstrated by recombination and transduction ex- 
periments. However, when considering the phenomenon of zygotic 
induction, it is obvious that the prophage does not behave as a normal 
bacterial gene, since it develops when entering a non-lysogenic F~ cell. 


SpEcIFIC LOCATIONS OF VARIOUS PROPHAGES 


Let us consider now the location of different prophages within the 
same host bacterium. It is known that after exposure to several 
unrelated temperate phages a bacterium is able to carry a wide variety 
of prophages. Although the compatibility between unrelated prophages 
suggests that each prophage occupies a different location inside the 
bacterium, only a genetic analysis makes it possible to check the 
hypothesis ‘one prophage, one locus.” For this purpose, about 30 
different temperate phages, acting on H. coli K12, have been isolated 
from various lysogenic strains. Among these phages, 7 UV-inducible 
and 7 non-inducible were selected for a genetic study, since cross- 
immunity was not observed between them (30). 

For each prophage two kinds of information can be gained through 
crosses between lysogenic and non-lysogenic bacteria. On the one 
hand, when the F— parent is lysogenic and the Hfr is not, the linkage 
between a prophage and other markers can be measured and, there- 
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fore, the location of the prophage on the bacterial linkage group can 
be accurately determined. On the other hand, when the Hfr parent 
is lysogenic and the F— is not, one can determine whether or not the 
development of the prophage is induced by conjugation, and if zygotic 
induction occurs, one can measure the rate of induction, as well as the 
time at which the prophage penetrates the F— cell. 

Such experiments have been carried out for the 14 selected pro- 
phages. Completely different results were found according to whether 
or not the prophages are UV-inducible (30, 54). 


UV-inducible Prophages. 


By crosses between non-lysogenic Hfr and lysogenic F—, all the 
7 UV-inducible prophages can be located on the segment of the bac- 
terial linkage group included between Gal and the preferential rupture 
point R of the Hayes Hfr strain. Each of them occupies a definite 
position and can be mapped to this segment, as shown in Fig.'2)-A. 


Lac, Gal, 82 > 434 381 21.424 466 R 





Fic. 2. Diagrammatic representation of the Gal region carrying 
various UV-inducible prophages 


The following UV-inducible prophages: 82, A, 434, 381, 21, 424, 466 can be located 
in this respective order on the segment stretching from Gal, to R on the Hayes Hfr 
strain. For each prophage three types of information can be obtained: A repre- 
sents the percent of Galy* ly~ S™ recombinants in crosses Hr Gal,* ly- S* & F- 
Gal,” ly* S™. B represents the percent of input Hfr whose mating results in 
zygotic induction in crosses Hfr ly* S* xX F- ly- S*. C represents the time at 
which the prophage enters the F- cell when the parents are mixed at time O. The 
7 UV-noninducible prophages which have been studied are located on the segment 
beyond R of the same Hfr strain. i‘ 


In crosses between lysogenic Hfr and non-lysogenic F—, the develop- 
ment of each inducible prophage is induced by conjugation. As a 
result, the lysogenic character of the Hfr parent is not transmitted to 
recombinants. However, the rate of zygotic induction—expressed as 
the percentage of input lysogenic Hfr whose conjugation leads to 
the lysis of the zygote and phage production—varies widely according 
to the prophage. The important point is that the rates of sygotie 
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induction found for the various inducible prophages parallel closely 
their degree of linkage to galactose (Fig. 2, B). Consequently, in such 
crosses, the distortions produced by the presence of the various pro- 
phages in the transmission to recombinants of the most closely linked 
markers—Gal, T6, and Lac—follow the same gradient. It must be 
added that with other Hfr mutants (28) which do not inject the Gal 
region into F— cells, but inject other segments of the bacterial chromo- 
some, zygotic induction is not observed in crosses between Hfr ly+ and 
F— ly— (30). Finally, the inducible prophages may also be arranged 
in the same respective order, according to the time at which they 
enter the F— cells during crosses between Hfr ly+ and F— ly— (Fig. 
2; ©): 

All information gained through reciprocal crosses gives rise to the 
same conclusion. The 7 UV-inducible prophages are linearly disposed 
on the Gal-R segment of the Hfr bacterial chromosome. Each time 
a segment of the Hfr chromosome carrying one of the prophages is 
injected into non-lysogenic F— bacteria, the prophage develops and 
the zygote is destroyed. The greater the distance of a given prophage 
from Gal,, the less frequently it is transferred from Hfr to F— bacteria, 
possibly because of the increased probability of an interruption in the 
mating process before the entrance of the prophage into the F— cell. 
A prophage located close to Gal, destroys more zygotes and hence 
produces a greater distortion in the segregation of genetic markers 
than one located far away from Gal). 


Non-inducible Prophages. 


With the 7 non-inducible prophages, the situation is quite different. 
None of them is located on the O-R segment of the Hayes Hfr strains. 
By the use of different Hfr mutants—those which are able to inject 
other segments of the bacterial linkage group—the non-inducible 
prophages have been located on other regions, most of them on the 
segment carrying the maltose, mannitol, and xylose characters. More- 
over, none of these non-inducible prophages is induced by conjugation 
between lysogenic Hfr and non-lysogenic F— bacteria. The lysogenic 
character is regularly transmitted to recombinants and exhibits the 
same segregation pattern as the non-lysogenic character in the reverse 
cross (30). 

Such a genetic analysis of various lysogenic characters provides 
some information about the relationship of the prophage to the 
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bacterium. First of all, each of the various prophages which have 
been studied occupies a definite locus on the bacterial linkage group. 
Second, and somewhat unexpectedly, it seems that there exist on the 
bacterial linkage group several “prophage regions”; the region for 
UV-inducible prophages is different from the region for non-inducible 
ones. Such a situation seems to indicate that UV-inducibility is not 
a property of the prophage, but rather is a property of a given segment 
of the bacterial chromosome where certain types of prophages are 
located. In other words, the inducible character of a prophage could 
be a consequence of its location on the bacterial chromosome and not 
a specific property of the prophage itself. Finally, in certain crosses, 
the inducible prophages, once transferred into the zygotes, behave as 
dominant lethal characters, the expression of which results in the 
destruction of the zygotes. In contrast, the non-inducible prophages 
behave in all crosses as any other bacterial character. 


LYSOGENIZATION: THE TRANSITION FROM PHAGE TO PROPHAGE 


When sensitive bacteria are infected with temperate phages, two 
different series of events may occur. In a certain fraction of the 
bacterial population, the infecting phage multiplies and the bacteria 
lyse. In the other fraction, the infecting particles turn to the prophage 
state and the bacteria survive. That such a difference in the bacterial 
response to phage infection is not due to a genetic heterogeneity of 
either the bacterial or the phage population is shown by the fact that 
various changes in the cultural conditions, before or after infection, 
can modify drastically the relative ratio of responses. 

Thus, once it has entered a bacterium, the genetic material of a 
temperate phage has a choice between vegetative multiplication or 
integration as a prophage. From what is known about the specific 
location of a given prophage it is clear that, in order to become a 
prophage, the genetic material of a phage has to reach its specific 
locus on the bacterial chromosome, where, in some way or other. it 
becomes incorporated. 


The Process of Lysogenization. 


In standard conditions, a given temperate phage has a certain prob- 
ability of becoming a prophage. As already pointed out, this proba- 
bility can be widely modified by the physiological conditions. How- 
ever, the study of various systems has shown that the factors which 
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alter the rate of lysogenization differ from one phage-bacterium system 
to another. It can be either a change in the multiplicity of infection 
(8) or in temperature (7), or in the metabolism of the host (45). 
During the “period of choice,’ stretching from infection to either 
multiplication or lysogenization, the genetic material of the phage 
remains in an “intermediary” state. The evidence in favor of such a 
state stems from the study of the phage properties, which, during this 
period, differ from those found both in the vegetative and the prophage 
states (42). 

As far as the transformation of phage material into prophage is 
concerned, it is worth inquiring whether the very material of the 
infecting particle, or a copy of it, is incorporated into the bacterial 
chromosome. This question is a particular aspect of a more general 
problem: do the parental genetic materials contribute their own atoms 
towards the synthesis of a recombinant chromosome in bacterial trans- 
formation, transduction, or recombination, as well as in phage recom- 
bination. Attempts to answer this question have been carried out by 
Stent and Fuerst (49), who have infected bacteria grown in non- 
radioactive medium with temperate phage A containing P*?. Should 
the genetic material of the infecting particle itself be incorporated as 
prophage, then the lysogenic character of the new lysogenic bacteria 
ought to remain susceptible, at least until the first duplication, to the 
decay of P?? atoms introduced by the infecting phage. Such experi- 
ments have shown that, within a few minutes after infection, the 
lysogenic character becomes insensitive to P*? decay. Unfortunately, 
it has not yet been possible to determine the exact reason for such a 
rapid change in sensitivity to P®? decay. A rapid stabilization might 
occur either because (a) the prophage contains much less DNA than 
the free phage, (b) the genetic information is transferred to something 
else than a nucleic acid, or (c) the prophage is a DNA copy of the 
infecting phage. 


Genetic Factors CONTROLLING THE ABILITY OF A PHAGE 
TO BECOME A PROPHAGE 


Only certain strains of phage, the temperate ones, are able to estab- 
lish lysogenic systems. The ability of a phage to lysogenize is, there- 
fore, genetically controlled. The plaques formed on sensitive bacteria 
by temperate phages exhibit a turbid center due to the growth of 
lysogenized bacteria. In a given strain of temperate phage, mutations 
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occur which modify lysogenization. Mutants in which the capacity 
for lysogenization is decreased or lost form clear (c) plaques easy to 
identify. The analysis of recombination between such mutants ought 
therefore to bring information about factors controlling lysogenization. 

Among temperate phages, ’ has been the most extensively studied 
from the genetic viewpoint (26, 32). Various mutations have been 
identified, all of which can be mapped on a single linkage group 
(Fig. 3). The irradiation of phage particles with small doses of ultra- 
violet light before infection increases the rate of recombination (27). 
It is therefore possible to analyse accurately the recombination be- 
tween closely linked markers. 
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Fic. 3. Diagrammatic representation of the dX linkage-group and its c region 


The upper diagram represents the linear array of the known markers of X 
(ref. 26 and 32). The lower diagram corresponds to a more detailed presentation 
of the ¢ region (ref. 33). The figures represent various c mutations, generally 
arising by clusters. The c region can be subdivided into three segments ¢}, co, and 
cg, which apparently correspond to three different functions required in the lyso- 
genization process; 7 represents the segment which controls the immunity pattern. 


Various mutations can affect the capacity for lysogenization. The 
most important ones, which correspond to the c phenotypes, affect 
the very process by which the phage is converted into prophage, 
whereas other mutations seem to affect the stability of the prophage 
in the course of bacterial multiplication. An extensive investigation 
of the former has recently been undertaken by Kaiser (33). The c 
mutants can be subdivided into three classes (c1, Co, C3) according to 
their phenotypes, that is, the degree of clearness of the plaques they 
form. All of the c mutations are located on one segment of the A 
linkage group, this segment comprising about 1/15 of the total genetic 
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length (Fig. 3). The c, mutants, whose ability to lysogenize is not 
measurable (less than 10—> that of the wild type) are all located in 
clusters in the median part of the c segment. On this c; segment are 
also located the virulent (v) mutations which overcome the immunity 
conferred by a \ prophage. Mutants of the cs and cs, phenotypes, whose 
ability for lysogenization is only reduced to about 1 /10 to 1/100 that 
of the wild type, are all located, also in clusters, respectively on cy and 
cz; Segments on each side of c, (Fig. 3). 

An interesting point about these mutations is that, whereas infection 
of sensitive bacteria with a given c mutant type leads to little, if any, 
lysogenization, mixed infection with pairs of mutants belonging to 
different types (c; + Co, cy + C3, or Co + ¢3) results in a rate of 
lysogenization equal to that of the wild type, and indicating a coopera- 
tion between the two mutants (33). Analogous results have been 
found independently with another phage-bacterium system (39). 

It appears, therefore, that ability to lysogenize is controlled by a 
given region of the phage linkage group. At least three different func- 
tions, each being controlled by a different segment of this region, are 
involved in the lysogenization process. Alterations in the middle 
segment probably result in the loss, and alterations in one of the two 
other segments in the reduction, of the lysogenization ability. The 
fact that mutants of different types can cooperate for lysogenization 
would indicate that the series of reactions leading to the establish- 
ment of the prophage can occur even when the wild-type alleles are 
in trans position. Such an analysis seems to offer the most promising 
line of approach to the study of the various steps by which an infecting 
phage enters the prophage state. 


SPECIFICITY OF THE PROPHAGE-BACTERIUM LINKAGE 


Each of the various temperate phages that a given bacterium can 
carry as prophages can be defined by two criteria: one, genetic, is the 
specific location of the prophage on the bacterial chromosome; the 
other, phenotypic, is the pattern of immunity it confers upon the host. 
These are indeed the two characteristics of each strain of temperate 
phages. After lysogenization with various mutants of a phage strain, 
the resulting prophages appear, on the one hand, to be located exactly 
at the same place, and on the other hand, to protect the host against 
infection with any mutant of this phage strain. So far the v mutants 
seem to offer the only exception to this rule. 
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The fact that there exists a specific location on the bacterial chromo- 
some for each type of prophage is indeed quite remarkable. It indicates 
some kind of relationship between the genetic material of a temperate 
phage and a given region of the bacterial chromosome. In other words, 
each strain of temperate phage possesses information allowing its 
genetic material to settle on its specific locus of the bacterial chromo- 
some. It appears important therefore to determine how this informa- 
tion is carried by the phage particle. Although a priori rather difficult, 
such an analysis has been made possible by the finding that a number 
of the different UV-inducible phages, which as prophages are differently 
located on the Gal-R segment of the Hayes Hfr (see Fig. 2), are 
serologically related. After mixed infection of sensitive bacteria with 
two of these phages, genetic recombination in the vegetative state can 
be observed (30). 

It must be clearly stated that in a cross between two of these phages 
which are able to exchange certain genetic segments, each type can be 
individualized only through its immunity pattern. In other words, 
among the progeny of crosses betwen phages a and b, the particles of 
the a type, for instance, can be defined exclusively by their ability to 
form plaques on bacteria lysogenic for b, but not on bacteria lysogenic 
for a, and vice versa. 

Since many mutations are known and have been mapped in A (Fig. 
3), crosses were carried out between A and the other phages to which 
it is serologically related (34). It was found that most of the char- 
acters of A, such as plaque size, plaque type, and even host range, 
located all along the d linkage group, can be transferred into other 
phages, except the characters of the c region which are known to affect 
the lysogenizing ability of A (Fig. 3). The length of the piece in which 
no recombination is found depends upon the strain of phage which is 
crossed with A. With certain phages, this piece is a little longer than 
the whole c region. Hence none of the c;, co, and cs markers of can 
be introduced into those phages. With other phage strains, the markers 
of the c. and cy region can be transmitted, but not those of the Cy 
region (34). The different inducible phages seem, therefore, to be 
homologous for the major part of their linkage group, except for the 
¢ region. According to the criterion of immunity, a phage 434 which 
has received on the left arm of the linkage group all the characters 
of A ineluding Coz (Fig. 3) and on the right arm all the characters of 
A including co, still remains a 434. 
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The wild strains of inducible phages used in this study exhibit 
different immunity patterns, and the corresponding prophages have 
been located at different sites of the bacterial chromosome. From the 
previous study, it is clear that the specific immunity, which, for con- 
venience, has been chosen as the test of identity for each phage type, 
is not under the control of the whole chromosome of this phage but 
of a short part, the c segment, which is known from other evidence 
to play a major role in lysogenization. Analogous experiments of phage 
recombination, in which the various segments of a given phage are 
gradually replaced by segments of another phage, allow one to deter- 
mine the segment of the phage chromosome responsible for the specific 
location of the homologous prophage. Up to now, the results seem to 
indicate that the c region is also responsible for the location of the 
prophage. In other words, the prophage 434 having the right and left 
arms of 4, including co, and coz, but the c; region of 434, appears to 
be located at the 434 site. More detailed analysis will permit us to 
determine whether or not the locus responsible for immunity can be 
dissociated from the locus responsible for prophage localization. 


Tur NATURE OF THE PROPHAGE-CHROMOSOME ATTACHMENT 


The Gal region of the bacterial chromosome exhibits a rather peculiar 
property. It contains a whole series of loci, each of which can select, 
among a wide variety of phages, the homologous one, can bind it, and 
thus transform the genetic material of the phage into a prophage. 
It appears highly desirable to obtain some information about the 
nature of the bond which links the prophage to its specific bacterial 
site. Obviously, such a bond is of a special nature, since its formation 
as well as its breakage can, under suitable conditions, occur with an 
efficiency of almost 100 per cent. One still knows very little about 
the nature of this bond, but it constitutes one of the most interesting 
problems raised by the analysis of lysogeny. It therefore seems worth- 
while to discuss the available information as well as the possible 
ways for obtaining additional evidences. 


Addition or Substitution. 

The first point is to determine whether a prophage represents a 
piece of phage material added in some way to the bacterial chromo- 
some or one substituted for an allelic region of the chromosome present 
in a non-lysogenic bacterium. For the time being, this last hypothesis 


488 THE CHEMICAL BASIS OF HEREDITY 


appears to be rather unlikely. It is known that in LZ. coli, for example, 
spontaneous loss of the prophage does not occur at a measurable rate. 
However, non-lysogenic clones have been obtained from lysogenic 
strains through various treatments, such as heavy irradiation with 
ultraviolet light or P?? decay. All the clones which are no longer 
lysogenic are sensitive to the phage released by the lysogenic ancestor. 
Moreover, infection of these non-lysogenic bacteria by this phage may 
lead to the establishment of new lysogenie clones, which are undis- 
tinguishable from the lysogenic ancestor. On the contrary, it has not 
been possible, thus far, to obtain lysogenic mutants from non-lysogenic 
bacteria by any treatment, except of course infection with a temperate 
phage. No prophage marker can be detected in those bacteria which 
have lost the lysogenic character. Lysogenization appears therefore 
to be the acquisition of the genetic material of a phage and the cure 
of lysogeny to be its loss. It seems likely that the prophage is a 
structure added in some manner to the bacterial genetic material 
rather than substituted for an homologous chromosomal segment 
present in a non-lysogenic cell. 


Insertion or Attachment. 


If now the prophage is actually an added piece, we have to deter- 
mine the structural nature of the link tying the prophage to the 
chromosome. Is the prophage inserted, partly or as a whole, into the 
bacterial chromosome, or is it superimposed in some way on the 
chromosomal thread, to which it is attached at one or more points? 
Although at first sight rather difficult, it seems likely that an answer 
could be obtained from certain kinds of experimental evidence. 


Bacterial recombination. The first evidence comes from crosses—or 
transduction—between two lysogenic strains, each of which carries a 
multiple mutant of the prophage (31). Among selected bacterial 
recombinants, some are found to carry a recombinant prophage. In 
order to check whether or not the prophage is in the continuity of the 
bacterial chromosome, the two bacterial strains have to differ by two 
other markers, one on each side of the prophage (Fig. 4). If the whole 
prophage is inserted into the length of the bacterial chromosome, any 
recombinant carrying a recombinant prophage will be a recombinant 
for these two bacterial markers (except for rare double cross-overs) 
If not, recombination of the prophage markers will be more or less 
independent of the recombination between the two bacterial markers. 
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Fic. 4. Theoretical representation of prophage recombination in bacterial crosses, 
according to the hypothesis of the prophages inserted in the bacterial chromosome. 


Each of the parental strains carries a mutant prophage, abe or at bt c+. The 
two bacterial strains also differ by a marker S on one side of the prophage and 
a second marker T on the other side. If the prophage is inserted in its totality, as 
schematized here, prophage recombination should result mostly from single cross- 
overs inside the prophage. A bacterial recombinant carrying a recombinant pro- 
phage should therefore be recombinant for the two markers S and 7’. In the 
experiment reported in Table 1, each of the bacterial strains carries a \ prophage 
which is genetically labelled by three markers m:, co, and m; (a, b and c). The 
bacterial strains also differ by two characters, Galpy (S) on the left of , and 
21-lysogeny (T) on the right of \. The results are not in agreement with the 
complete insertion hypothesis. 


Such an experiment has been performed by crossing Hfr and F— 
strains, each one carrying a A prophage labelled with three markers 
located along the A linkage group (31). As shown in Table 1, pre- 
liminary results indicate that the various recombination patterns of 
the prophage are more independent of the bacterial recombination 
than the insertion hypothesis would predict, if prophage recombination 
is not the result of multiple crossing-over. 

In such an experiment, as well as in transduction experiments (22), 
the A prophage exhibits a polarity in the sense that the m, side of 
the A linkage group (see Fig. 3) appears linked to Gal. For the time 
being, any interpretation of this apparent linkage would be premature. 

P22 decay. The lethal action of radiophosphorus decay occurring in 
bacteria is the basis of another method for an analysis of the relation- 
ships of the prophage to the bacterial chromosome. As with phage 
(19), the decay of P®? incorporated into the genetic material of a 
bacterium destroys its ability to reproduce (14). Now, in the case of 
lysogenic bacteria, if the prophage were in some way independent of 
the bacterial chromosome, the killing effect of P* decay should occur 
independently in each of the genetic materials. Among bacterial sur- 
vivors of P32 decay, one would expect therefore to find non-lysogenic 
cells. If, on the contrary, the whole prophage were inserted into the 
bacterial chromosome, any P22 distintegration lethal for the prophage 
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TABLE 1 


RECOMBINATION OF \ PRopHAGES IN Crosses BETWEEN Two LysoceNic BACTERIA 





Number found 


s 2 f i ibinants In the class In the class 
Types of prophage found in recon Gat" GD Gat* Gly 











Parental types ms, cot m;* (Hfr type) 276 127 
ms* co m; (F~ type) 57 l 
Recombinants ms* cot mi* LZ 4 
Ms CO mM; 1 0 
ms cot mj; 3 2 
ms* co m+ 1 0 
Ms co mr i 0 
ms* cot mi 6 1 
Doubly lysogenies ms cot mi+ and m+; co mi 3 0 
ms* cot m; and mst cot m;* 1 0 
ms cot m, and ms cot m;* 1 1 








Results of a cross Hfr Galt (x ms co* mi*)* (21)°S* X F-Galy-(\ m;* co 
mi) +(21) +S". The prophage X is located at about 20 and the prophage 21 at about 
90 recombination units from Gal, (see Fig. 2). Bacterial recombinants are selected 
for the characters Gal,t S™. These recombinants are divided into two classes 
according to whether or not they are lysogenic for 21. 363 recombinants of the 
Galy*(21)* class and 136 recombinants of the Gal,*(21)- class have been re- 
isolated twice on selective Gal St medium and then scored for the phage type they 
release. For the interpretation of the results, see legend, Fig. 3. 


should also be lethal for the bacterium. According to such an hy- 
pothesis, one would not expect to find non-lysogenic cells among the 
bacterial survivors. This type of experiment has been performed with 
several lysogenic systems, some inducible, the others not (13). Pre- 
liminary results are rather different according to the nature of the 
system. With non-inducible prophages, non-lysogenic cells were not 
found among several hundred colonies at the survival level of 10—-, 
On the contrary, with A, or other inducible prophages, non-lysogeniec 
cells were found, and their proportion increased as a function of P22 
decay. When only one in 10° bacteria is still able to form a colony, 
the fraction of non-lysogenic cells can reach 15 to 20 per cent, a pro- 
portion much higher than the 1 or 2 per thousand found after an 
exposure of the same lysogenic bacteria to a dose of UV or X-rays 
leaving an identical fraction of survivors. 

With non-inducible prophages, it is therefore clear that the fraction 
of prophage material, if any, which can be inactivated by P%? decay 
independently of the bacterial chromosome is very small. With in- 
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ducible prophages, the situation is more difficult to interpret. That a 
selection of non-lysogenic cells, due to a difference to P32 decay 
between lysogenics and non-lysogenies, could account for the results 
is almost certainly excluded by reconstruction experiments. More diffi- 
cult to eliminate for the time being is the supposition that the non- 
lysogenic bacteria arise from a fraction of the population in which 
prophage development had been induced by radiations and which, at 
the time of freezing, contain phage genetic material that has already 
left its chromosomal location and behaves as a unit independent of 
the chromosome. In order to account for the experimental results, 
such an hypothesis would require that, once the phage material has 
left its specific location, the bacterial chromosome is still able to 
undergo replication. This seems hardly compatible with the notion 
that a genetic unit as large as the genetic material of a temperate 
phage is inserted in its totality into the bacterial chromosome. 


Relationships Between Closely Located Prophages. 


Other interesting information comes from the study of lysogenic 
bacteria carrying two inducible prophages (34). By successive infec- 
tions, one can easily obtain lysogenic bacteria carrying two prophages, 
such as A and 21, which are not too closely located on the bacterial 
chromosome (Fig. 2). The situation is quite different with more 
closely located prophages, such as 82 and X, or A and 434 (Fig. 2). 
When lysogenic bacteria carrying one prophage, A for example, are 
infected with 434, most of the surviving bacteria are found to have 
lost the original A prophage and to carry only the 434 superinfecting 
type—or are no longer lysogenic. Only exceptionally can doubly 
lysogenic strains be isolated. 

Now, whereas in crosses or transduction experiments involving singly 
lysogenic bacteria, the respective location of each single prophage can 
be determined, in experiments involving a doubly lysogenic strain, 
both types of prophage segregate together (34). Everything therefore 
occurs as if, besides their individual link to the bacterial chromosome, 
both prophages were attached together and behaved as a single unit in 
bacterial recombination. 

In a lysogenic strain carrying two closely located prophages, such 
as genetically labelled 4 and 434, the released phages exhibit a recom- 
bination pattern rather different from the one observed after mixed 
infection of sensitive bacteria with the homologous phages. Among the 
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phages released by doubly lysogenic strains, crossing-over in the 
c-ms region is much more frequent, and in the c-m, region less fre- 
quent than would be expected from the results of crosses after mixed 
infection (see Fig. 3). It is not yet possible to ascribe with certainty 
the recombination pattern observed in doubly lysogenic bacteria to a 
recombination at the prophage level. But if correct, this hypothesis 
would indicate some kind of asymmetry between the two prophages 
such that more opportunities for recombination would be offered to 
the ms-c than to the c-m; arm of the prophages. 
) 
Oo Oo 

Although some information has thus been obtained concerning the 
prophage-chromosome relationship, it does not yet allow one to con- 
struct a clear picture of how the phage genetic material is tied to its 
specific locus. There are some indications that, at least in the case of 
UV-inducible prophages, the phage material is not inserted in its 
totality into the bacterial chromosome. Further work is necessary 
before a definite conclusion can be reached, but the various techniques 
previously described seem to offer possible ways of approach to the 
solution of this fundamental problem. 


Host Mopirications RESULTING FROM THE PRESENCE 
OF A PROPHAGE 


As already described, the lysogenization of sensitive bacteria endows 
the host with new properties, immunity and capacity to produce phage, 
which express the presence of the prophage. It is also known from the 
studies of Zinder and Lederberg (55) that, after infection with certain 
strains of temperate phages, rare individuals among the survivors 
acquire new genetic properties. Such changes in hereditary characters 
result from the transfer of genetic material from a donor to a recipient 
strain through phage particles which behave as vectors. This process, 
called transduction, is not specific in the sense that any character of 
the donor can be transmitted by a small fraction of the phage particles. 
Transduction will be reviewed in another paper of this symposium. 

Other types of host modifications have, however, been reported 
which appear to be so entangled with the lysogenic character that 
they must be ascribed to the very presence of a given prophage. Such 
changes in character seem thus far to be specific and indicate the 
possibility for a prophage to alter some cellular functions. 
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The best studied case is the production of toxin by Corynebacterium 
diphtheriae (4, 12). Most of the toxinogenic strains are lysogenic and 
release phage particles, which are active on certain non-toxinogenic 
strains. The lysogenic clones which can be isolated after such an 
infection are all toxinogenic, and the toxinogenic character can be 
passed from strain to strain by lysogenization. A complete correlation 
is observed between lysogeny and toxinogeny. However, such a 
property appears to be restricted to certain strains of temperate phages 
of C. diphtheriae. Recent experiments even suggest that the ability to 
confer toxinogenicity segregates in crosses between related phages (15). 
Whether the presence of the suitable prophage induces the synthesis 
of a new protein or causes to deviate the synthesis of a protein nor- 
mally present in non-toxinogenic bacteria still remains unsettled. 

In other species, the presence of certain prophages can affect various 
properties of the host such as colonial morphology (20), synthesis of 
antigens (50), or multiplication of various unrelated phages (1). 
In £. coli, the presence of the X prophage prevents the multiplication 
of certain r mutants of the T-even phages, and not of other mutants 
(5). This property is specific for A and has not been observed with 
any of the other prophages of H. colt K12, even those located very 
close to A. It can even be ascribed to the c segment of A (34). 

From what is known about the location of the prophage, it is not 
surprising that the presence of a new piece of genetic material inti- 
mately tied to the bacterial chromosome could modify certain char- 
acters of the host bacterium. It must be pointed out that we are now 
able to ascribe such modifications of the bacteria to the presence of 
a prophage, since we know how to reconstruct artificially such lyso- 
genic systems and to follow the physiological change in the course 
of lysogenization. It seems therefore quite likely that some other 
characters of the host bacterium will be found to result from the 
presence of yet unknown prophage-like structures. It can be safely 
predicted that more extensive investigations in the field of lysogeny 
will lead to the discovery that some other changes in bacterial char- 
acters are indeed the consequence either of lysogenization or of loss 
of lysogeny. 


PROPHAGE AS A MODEL FOR PROVIRUSES 


In the scheme reported previously, lysogeny provides one of the 
most clear-cut pictures of a determinant added to the genetic make-up 
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of a cell. As a result of such an addition, the host-bacterium and its 
progeny can be affected in three different ways. First of all, the 
bacteria can acquire the ability to produce and release phage particles 
under suitable conditions. Secondly, certain types of addition bring 
to the host a specific change in cellular functions. Finally, during 
genetic recombination, the added piece can modify drastically the fate 
of the zygote and thereby the genetic consequences of conjugation. 
In conclusion, let us consider in what way lysogeny can provide a model 
for similar situations observed in other organisms. 


Lysogeny and the Problem of the Existence of Proviruses. 


In lysogenic bacteria, a specific structure incorporated into the 
genetic make-up of the host can undergo transition into a pathogenic 
form, the development of which leads to the death of the host and the 
liberation of infectious virus particles. Obviously it is tempting to 
ascribe similar mechanisms to certain cases of “latent viruses” and of 
cancers, observed in plants or in animals. In other words, one may 
postulate in plants or in animals the existence of proviruses, analogous 
to the bacterial prophage. Such proviruses could be visualized as the 
genetic material of a virus under a non-infectious state, attached to a 
specific site of a host constituent so that its replication would remain 
balanced with the cell division. Such a possibility has recently been 
reviewed (21, 43). It must only be recalled that no evidence in favor 
of the existence of proviruses in the cells of animals or plants has so 
far been obtained. A provirus can be demonstrated only with single 
cells. Recent improvements in cell cultures should provide in the near 
future the tools for such an investigation. 

The presence of a prophage on its chromosomal receptor may modify 
in a specifie and hereditary manner the properties of a bacterium, as 
exemplified by toxinogenesis in C. diphtheriae (12). Thus, two cells, 
otherwise genetically identical, may exhibit different functional char- 
acters, as a consequence of the specific acquisition, by one of them. 
of an extra piece of genetic material. In maize, factors of unknown 
origin may apparently settle at various loci and alter gene activity 
in that region (47). It has already been suggested (11, 47) that such 
additions to the genome of a cell might be of some value for a possible 
model of cell differentiation, since recent work in embryology (35) 
suggests a nuclear basis for certain types of differentiation. 
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Zygotic Induction and Maternal Inheritance. 


Inheritance of a character is said to be matroclinous when such a 
character is inherited only from the female parent. When a maternally 
inherited trait is persistent through several generations, this trait is 
generally considered as being under cytoplasmic control. 

In the case of inducible prophages, the inheritance of lysogeny 
behaves in some ways as a maternally inherited character. In spite 
of various peculiarities observed in bacterial conjugation, the one-way 
transfer of genetic material may be compared to a sexual differentia- 
tion (17). The Hir donor bacterium acts as a male gamete which 
contributes only its genetic material, whereas the F— recipient acts as 
a female gamete which contributes both its genetic material and 
eytoplasm to the zygote. In crosses between lysogenic and non- 
lysogenic bacteria, inducible prophages are inherited by the progeny 
only when the F— is the lysogenic parent. When carried by the Hfr, 
the prophage behaves in crosses as a lethal nuclear unit. This is still 
true when the Hfr parent carries a defective prophage, the induction 
of which, although lethal for the zygote, does not lead to the produc- 
tion of mature virus particles. If one considers only the zygotes in 
which the prophage is transferred, these zygotes are destroyed: the 
cross is sterile. Thus lysogenic bacteria offer a clear example of a 
nuclear determinant, the transmission of which behaves in a different 
manner in reciprocal crosses (30). 

The question may therefore be raised whether situations of 
matrocliny in higher organisms could be ascribed to a similar mecha- 
nism. If we use phage as a model, we can assume that viral material 
may be present in a cell in three different states: the provirus, vege- 
tative, and infectious states. The vegetative state may or may not be 
lethal. The provirus may or may not have a phenotypic expression. 
According to the various combinations, the development of the pro- 
viral material upon fertilization when carried by the male gamete may 
bring about two kinds of genetic consequence. (1) When the vegetative 
state has a phenotypic expression, the transition of the provirus into 
vegetative virus through induction may result either in the destruc- 
tion of the zygote, that is, lethality, or, as the case may be, in a wide 
variety of symptoms ranging from viral disease, sterility, to tumors, 
ete. (2) When the provirus controls a character of the host cell, and 
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provided the vegetative virus has no lethal effect on the zygote, the 
development of the provirus will lead to the loss of this character in 
the progeny of such a cross. 

It is worth recalling that recognition of a virus is sometimes a 
difficult task and that, for various reasons, infectious mature particles 
may well be never detected. It is indeed remarkable that, among 
classical cases of “cytoplasmic” inheritance, many resemble virus 
diseases in their expression (10). A well studied case of maternal 
inheritance in Drosophila, that of CO. sensitivity, has indeed been 
proved to be of a viral nature (41). Information gained in the study 
of CO: sensitivity in Drosophila parallels to an amazing extent the 
facts analysed in lysogenic bacteria. It is not as yet possible to say 
whether or not the model provided by lysogeny could be applied to 
any of the known cases of maternal inheritance. However, in the light 
of recent findings about zygotic induction the cytoplasmic nature of 
the responsible agents might be questioned. 

The most striking point revealed by the analysis of lysogenic bac- 
teria is that the genetic material of a virus may be tied to a specific 
locus of the host and thus behave as a cellular constituent. This 
cellular constituent may, in turn, develop into a pathogenic form 
which leads to the destruction of the host cell and the release of 
infectious particles. Thus, the study of lysogeny throws a new light 
upon the origin and the nature of viruses, since it indicates an intimate 
relationship between the genetic material of the virus and that of the 
host cell. 


SUMMARY 


(1) Lysogenic bacteria contain the genetic material of a phage in 
a non-infectious state, the prophage. The prophage confers upon its 
host the capacity to produce phage and also immunity against infec- 
tion with that phage. 

(2) The prophage can be affected by various mutations which 
prevent the completion of phage particles, 

(3) A lysogenic bacterium contains one prophage per nucleus. The 
prophage is the only genetic determinant of lysogeny. It is located at 
a specific site of the bacterial chromosome. Each of 14 different pro- 
phages acting on EF. coli K12 occupies a specific location on the bac- 
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terial chromosome. This can be demonstrated by crosses between 
non-lysogenic Hfr and lysogenic F— bacteria. 

(4) The 7 UV-inducible prophages which have been studied are 
located on one segment of the bacterial chromosome, whereas the non- 
inducible prophages are all located on other segments. 

(5) In crosses between lysogenic Hfr and non-lysogenic F— bac- 
teria, the UV-inducible prophages develop each time they are trans- 
ferred from the Hfr to the F— parent. This “zygotic induction” results 
in the destruction of those zygotes into which the prophage of the Hfr 
parent has been transferred. In such crosses, genetic distortions are 
observed, and the lysogenic character of the Hfr parent is not inherited 
by the recombinants. The non-UV-inducible prophages are not induced 
by the conjugation and behave normally in crosses. 

(6) The ability of a temperate phage to lysogenize is under the 
control of a short segment of its linkage-group, called the c segment. 

(7) Genetic recombination has been shown to occur among various 
UV-inducible phages acting on Z. coli K12. Genetic analysis indicates 
that the c segment controls the immunity pattern and, so far as 
we know, the specific location of each prophage on the bacterial 
chromosome. 

(8) Lysogenization corresponds to the incorporation of phage genetic 
material into the genetic make-up of the host. This process appears 
more likely to be the result of an addition of the phage genetic material 
to the bacterial chromosome than of its substitution for an allelic 
segment. Preliminary results would indicate that, at least in the case 
of inducible prophages, the phage material is not inserted in its totality 
in the bacterial chromosome. 

(9) The presence of certain prophages can cause specific modifica- 
tions in some functions of the host. 
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DiIscUSSION 


Dr. M. Levine: Working with the same system that Dr. Hartman 
works with, phage PLT 22 and Salmonella typhimurium, we have been 
studying the mutations from wild temperate phage, which produces 
turbid plaques, to the mutant forms of phage which produce clear 
plaques. Temperate stocks of this phage contain one clear plaque- 
forming mutant in about 1,000 phage particles. As Dr. Jacob has 
already mentioned, we too can classify these mutants into three 
groups; C1, C2 and cs, the wild type being ct (Levine, M., Genetics, 40: 
582, 1955). 

One group of clear mutants, cs, allows bacterial cell survival at levels 
of 50% or more. These are temperature mutants despite the fact that 
they produce clear plaques. The remaining types, c; and cs, lyse 99% of 
the infected cells. The c, mutants either do not lysogenize by them- 
selves or lysogenize at very low levels, something in the order of 10°. 
The cs mutants are good virulent phages. The c; and cy mutant types 
ean be distinguished on the basis of mixed infection. A mixed infec- 
tion between any mutant of group c; and any of group C2, instead of 
lysing 99% of the cells (as these two types will do individually), will 
sive as many as 90% of the cells surviving and producing stably 
lysogenic cells. 

Crosses between the three mutant phages have been carried out and 
both the phage progeny from those cells which lyse and the prophage 
progeny of those cells which are lysogenized have been studied. Using 
the cross of phages c, and cs as an example, we find at lysis in addition 
to both parental types, wild-type temperate recombinants and recombi- 
nation between the c characters and plaque morphology traits. Taking 
all the data together, the results of lysis show the three ¢ characters to 
be under the genetic control of three closely linked loci. Dr. Kaiser 
has found a similar situation in the phage lambda. All the lysogenic 
bacteria arising from this cross carry prophage bearing the c; marker ; 
Cc» never appears as prophage. These c; prophages may show recombi- 
nation for the plaque morphology characters of the cz parent, suggest- 
ing that genetic recombination may precede prophage fixation. — 

An analysis of the early development of clones which will give rise 
to lysogenic bacteria as a result of mixed infection with phages ¢; and 
ce» show some interesting phenomena. The developing clone can segre- 
vate into three cell types; sensitive cells, lysogenic cells, and cells that 
lyse. The lysogenic cells all carry ¢; prophages. The cells that lyse 
liberate only ce phages. 

We interpret these data to mean that on mixed infection with cy 
and cs particles a decision may be made to lysogenize. As the clone 
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enlarges segregation of these phage elements into the different fission 
products takes place. A cell receiving no phage element becomes 
sensitive, a cell getting c, will be lysogenic, and cells receiving cs phage 
elements will lyse. This indicates that mutant phages of the cz type 
have lost the ability to integrate into the bacterial genome while retain- 
ing the ability to help c; phages integrate. 

We have adopted the tentative working hypothesis that a series of 
reaction steps are necessary for the establishment of lysogeny. The 
wild type can carry out all these steps and can produce a lysogenic cell. 
The mutants are blocked at different steps in the sequence of reactions, 
but when put into the same cell they can complement one another and 
give rise to a lysogenic bacterium. 

We are now carrying out mixed infections with modified phage of 
one type (modified in some way so that its growth in bacteria is 
inhibited) and normal phage of another type. We are getting informa- 
tion which may allow us to order the steps in the sequence and begin 
to define some of these reactions. 


Dr. Herriorr: I want to say that I am very much impressed by the 
triple check on the sequence of characters. I wonder how many genetic 
maps have had the cross-checking of this sort. This gives great 
strength to the validity of the procedures. 


Dr. Luria: I would like to point out that using 14 prophages, 7 
UV-inducible and 7-UV-non-inducible in this collection, it has been 
possible to locate them in 2 specific regions of the map of this bacterium. 
The question that immediately comes to mind is: would it be possible 
by using other sensitive indicators to locate more phages and to map 
as prophages other areas of the genome of the bacterium? How much 
of the genome of the bacterium will be reducible to potential prophages? 
It is possible that there are certain regions that on phylogenetic grounds 
are specific carriers of potential prophages. This is, I think, very 
important in understanding the organization and evolution of the 
genetic material of the bacteria. 

Dr. Jacos: This is indeed a very important question, but it requires 
more than 14 phages. 

Dr. Maaige: I would like to ask Dr. Jacob whether or not he has 
found within a given group of prophages any difference in the resistant 
pattern to UV or any other inducing agent. 


Dr. Jacos: Yes; there are some different degrees of, say, UV-induci- 
bility and UV-resistance, but there doesn’t seem to be any order. I 
mean there are things which are less inducible here and more inducible 
there, but there is no definite order. 


Dr. Maauor: I wasn’t thinking so much of the UV-inducibility, but 
rather of UV-resistance or heat resistance of the free phage. 


Dr. Jacos: There are already differences of heat sensitivity among 
the various mutants of the same phage, lambda for example. 


THE NATURE OF THE PROGENY OF VIRUS 
RECONSTITUTED FROM PROTEIN AND 
NUCLEIC ACID OF DIFFERENT STRAINS 

OF TOBACCO MOSAIC VIRUS * 


H. FRAENKEL-ConraAT, BEATRICE A. SINGER, AND RoBLEy C. WILLIAMS 


Virus Laboratory, University of California, Berkeley, California 


METHODS HAVE BEEN described for the separation of tobacco mosaic 
virus protein and nucleic acid. It has also been demonstrated that 
the protein and nucleic acid components interact under appropriate 
conditions of pH concentration, and time, to form particles which in 
physicochemical respects resemble the original virus and which are 
likewise able to cause infection (4). Since no or almost no infectivity 
could be detected in each component, or in instantaneously diluted 
mixtures of these, the interpretation was at first adopted that recon- 
stitution of rods also evoked regeneration of viral activity, which 
would thus depend upon the presence and the structure of the two- 
component particle. 

Further studies have revealed that the nucleic acid fraction, while 
free from significant contamination with virus rods, is actually not 
free of virus activity. This activity, however, easily escapes detection, 
owing to its great instability, particularly in 0.1 M phosphate, the 
solvent commonly used in assaying tobacco mosaic virus for its infec- 
tivity. As more was gradually learned about the properties of this 
activity of the nucleic acid, it became easier to detect it and measure it 
reliably, and to differentiate it from that of tobacco mosaic virus 
(TMV). Our conclusion that infectivity is a property of the nucleic 
acid per se (2) was reached separately in Schramm’s laboratory (5). 

If the nucleic acid alone was active, what significance was there to 
the activity of virus particles reconstituted from it and the protein? 
I will enumerate a few points of such significance. In the first place, 
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historically, reconstituted activity was the primary observation, and 
probably was a necessary stepping-stone toward a recognition of nucleic 
acid infectivity. Reconstitution from the two pure components, uncon- 
taminated by virus, was also a prerequisite to the acceptance of the 
validity of later data when virus activity was found to be slightly 
increased in mixtures of less pure components (6). Secondly, reconsti- 
tution yields a stable infectious agent which is much easier to detect 
and handle than the infectious nucleic acid. Thirdly, reconstitution has, 
in our hands, given higher activity than could be demonstrated in the 
nucleic acid alone, though this may only be due to the lability of the 
latter in the unwrapped form. Yet “yields” of the order of 10 per cent 
are to a chemist much more satisfying than recovery of only about 
0.1 to 1 per cent of the original activity. And we have in some recent 
reconstitution experiments obtained reaction mixtures with specific 
activities of 10 to 25 per cent of that of native tobacco mosaic virus, 
while of the nucleic acid we need of the order of a hundred times as 
much to evoke the same number of lesions as tobacco mosaic virus, or 
2000 times as much in terms of its nucleic acid. Fourthly, the fact 
that reconstitution permits the encasing of nucleic acid from one strain 
of tobacco mosaic virus within protein from another has supplied 
definitive proof that the activity obtained upon reconstitution is 
actually due to the newly formed particles. For it was found that the 
infectivity was selectively inhibited by antiserum to the strain that 
supplies the protein component, but not by antiserum to the strain 
that supplies the nucleic acid (3). Furthermore, the genetic role of 
each of the components could be studied only through the use of such 
reconstituted particles. 

The value of reconstitution both in opening up a new field of study 
and in supplying a powerful spade with which to till it appears thus 
evident. On the other hand, we can now gracefully retreat from a posi- 
tion which we have never held or expressed. Life was not here created 
in test tubes, since the nucleic acid alone shows “signs of life” similar 
to those of the original virus. 


PROGENY oF Virus Composep or Nuc.eic ACID AND PROTEIN OF 
DIFFERENT STRAINS 


The approach to the nature of viral inheritance listed under the 
fourth point above, namely, the study of the progeny of mixed virus 
prepared from the nucleie acid and protein of different strains, has 
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occupied much of our time during the past year. The first conclusion 
was easily reached, and is well in line with what one would predict if 
the nucleic acid per se is an infectious agent, a fact which only evolved 
concomitantly. This conclusion was that the nucleic acid alone seemed 
to be the genetic determinant. The symptomatology of mixed virus 
infection was always that of the parent supplying the nucleic acid 
(Table 1), and the chemical characteristics of the progeny (where they 


TABLE 1 


Nature or Disease Propucep witH Reconstitutep Virus or Nucieic AcIp oF 


DIFFERENT STRAINS OF Tosacco Mosaic Virus 














Strain supplying Disease 
Nucleic Acid Protein Symptomsj 

TMV Masked TMV 
TMV HR TMV 
Masked TMV Masked 
YA TMV YA 
YA Masked YA 
HR TMV HR 
HR Masked HR 
TMV TMV TMV 
HR HR HR 
HR — HR 
TMV _- TMV 








7 In Turkish tobacco TMV, YA, and HR give systemic infection of different 
appearance; Masked gives no symptoms, but its presence can be demonstrated by 
transfer to another host. In Nicotiana sylvestris, TMV and Masked give a systemic 
disease, while HR and YA give local lesions only. In N. glutinosa HR gives small 
local lesions with little necrosis and pigmentation, and is strikingly different from 
the spreading lesions produced by other strains. 


could be studied fruitfully) were those of the same parent virus. How- 
ever, detailed study has revealed some minor differences, and our tenta- 
tive conclusion at present is that the protein may after all have a minor 
influence in the replication process. This possibility is naturally no 
more excluded by the infectivity of pure nucleic acid than is bisexual 
fertilization excluded by the occurrence of parthenogenesis. 

Now what are these minor differences between mixed virus progeny 
and its nucleic acid parent? To answer this question, I will have to 
describe to you the two strains which were used for most of this work. 
While most strains of tobacco mosaic virus are chemically almost 
indistinguishable, a strain isolated by Holmes from ribgrass (HR) 
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differs from common tobacco mosaic virus and most other strains 
markedly in its amino acid composition, and particularly in possessing 
histidine and methionine, both absent from tobacco mosaic virus. The 
HR strain is also immunologically more distinct from tobacco mosaic 
virus than other strains. Strain HR, furthermore, shows pronounced 
plant pathological differences from tobacco mosaic virus (Table 1), 
and, when isolated in the customary manner, shows a lower specific 
infectivity (about 5 per cent of that of common TMV). When it proved 
possible to produce mixed virus (hybrids) between this HR strain 
and common tobacco mosaic virus, these mixed viruses obviously 
represented the object of choice for detailed study. Batches of progeny 
have been prepared from single lesions of the following infectious 
agents: (a) HR nucleic acid + TMV protein; (b) TMV nucleic 
acid + HR protein; (c) HR nucleic acid + HR protein; (d) TMV 
nucleic acid +- TMV protein; (e) HR nucleic acid alone; (f) TMV 
nucleic acid alone; and finally, the undegraded HR and TMV virus 
(Table 2). Six separate preparations of the first hybrid (HR nucleic 
acid +- TMV protein) have now been propagated. The symptoms were 
always those characteristic of HR, whether the hybrid or its progeny 


TABLE 2 


List or SincLeE Lesion Progeny PrepaRATIONS* 














Inoculum _ Nature and Activity of 
Reconstituted Virus Progeny I Progeny II 
HR nucleic acid —HR** (6 preps.): (nucleic acid)——-HR** (14 ——U_I 
+TMV protein (30, 30, 20, 5, 6 ik = 


_ ——_____________ Strain a (55) ——U I. 
—(TMV) (3 preps.) (100, 60, 80) 


—HR (2 preps.) (18, 3) 


TMV nucleic acid 
+HR protein 
HR nucleic acid 

+HR protein 
































TMV nucleic acid —TMV 
+TMV protein i 
HR nucleic acid —HR (2 preps.) (12, 12) —U. 1. 
—Strain b (12)- =U! 
TMV nucleic acid (TMV) an 5B 








HR virus— AHR GB one - 
TMV ie 5, 4, 5, 3, 6, 13) 





ig , f—) 


+ U.L, Under investigation, 


2k : ; 
Petipa HR closely, yet shows consistent small differences in some amino 
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was used as an inoculum. However, a difference was noted in the 
specific activity of most of these progeny preparations. This activity 
was 20 to 30 per cent of that of TMV, and not 5 to 13 per cent, as 
observed with pure HR. Amino acid analyses were then performed, 
and the progeny was found to resemble HR closely in almost all amino 
acids, and in particular in containing histidine and methionine, the 
two amino acids which are absent from TMV. However, a few amino 
acids differ slightly in strain HR and the hybrid progeny, and while 
some of these happen to belong to the group for which the analytical 
technique is less than perfect, one, viz., glycine, is not problematic, and 
this amino acid we have found to be about 10 per cent lower in amount 
in each of 4 hybrid preparations, each of which was analyzed in dupli- 
cate (Fig. 1). These findings certainly suggest a constitutive difference 
between the hybrid progeny and the original HR virus that supplied 
the nucleic acid. And the fact that concordant results have been 
obtained with many preparations appears to rule out random mutation. 


When one such preparation of the progeny of the first hybrid was 
further propagated from a single lesion, as customary, a more striking 
difference was observed. The resultant virus was appreciably more 
active than the parent stock, and approached that of tobacco mosaic 
virus quite closely. Also its symptoms resembled those of HR on some 
hosts and of TMV on other hosts. Finally, its amino acid composi- 
tion was markedly different from that of either HR or TMV (Fig. 1, 
strain a). In this case, we believe that we are dealing with an acci- 
dental variant, unless or until we should find this change to occur 
repeatedly under the same conditions. Only one related experiment 
has been completed at this time, one in which a lesion produced by the 
nucleic acid of the same preparation of hybrid progeny was used as 
source for further propagation. And here no definite differences were 
found between the inoculated and harvested virus. 


The other combination (TMV nucleic acid + HR protein) has pro- 
duced progeny which was not markedly different from tobacco mosaic 
virus, but this pair has not yet been studied to a similar extent as the 
above. Progeny from HR nucleic acid has been repeatedly prepared 
and found to resemble HR closely. However, upon one instance a 
mutation was again observed, with markedly unusual symptomatology 
and greatly different amino acid composition (Fig. 1, strain b). It is 
noteworthy that the accidental mutants obtained in the course of this 
work show much more marked changes in chemical and biological 
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characteristics than does that minor variant that appears to be regu- 
larly produced when propagating the chemically prepared hybrid with 
HR nucleic acid and TMV protein. 

In regard to the origin of the new strains, the question arises 
whether the manipulation of the nucleic acid plays a causative role in 
their formation. It must be noted that one of the two observed mutants 
was not the product of a chemically treated inoculum, but of the virus 
isolated from such an inoculum. But this question will probably only 
resolve itself after many single-lesion propagations of TMV, HR, and 
their manhandled nucleic acids have been performed and a definite 
mutation rate has been established for each. 


PROGENY OF Virus CONTAINING Two DirrerENT Nuc.teic Acips 


We have now summarized our findings concerning the progeny of 
viral nucleic acid, and of mixed virus containing protein from a different 
strain. The conclusion, now based on 6 strain mixtures, is that the 
progeny is always very similar to the virus supplying the nucleic acid, 
although reconstitution may evoke small genetic changes. The appear- 
ance of mutants at a seemingly unusually high rate appears of interest, 
but does not represent an important advance in our search for “tailor- 
made” strains of desirable qualities. Another approach to this aim 
has been investigated which appears to have more factual basis and 
thus more promise for success. This is the use of a mixture of two 
nucleic acid preparations derived from different strains in reconstitu- 
tion experiments. If infectious virus particles carrying both types of 
nucleic acid are formed in such experiments, they might well propagate 
as a new strain of predictable intermediate properties. Obviously, such 
experiments can only hope to succeed if the active component in our 
nucleic acid preparation is not an undegraded multistrand complex of 
the entire nucleic acid complement of one virus rod. Fortunately we 
have recently obtained what appears to be good evidence (see below) 
that this is not the case, and that reconstitution thus involves an 
aggregation of both protein and nucleic acid subunits. Now to the 





Fic. 1. Approximate amino acid composition of TMV, of HR, of the progeny of 
the virus reconstituted from TMV-protein and HR nucleic acid, and of two 
mutants obtained in the course of this work. Some of these values will be cor- 
rected in a forthcoming publication. 

Values are not corrected for moisture, nor for losses during hydrolysis. Most 
values were obtained by the DNP-method of Levy, and some by a new technique 
of combined chromatography and colorimetry. 
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results of these mixed nucleic acid hybridization experiments. We have 
had no difficulty in obtaining infectious material upon reconstituting 
tobacco mosaic virus protein with a mixture of equal amounts of nucleic 
acid from HR and TMV. A considerable number of the resulting single 
lesions have been propagated on those host plants that should help in 
identifying the nature of the virus in such lesions. The results were 
no more bewildering than might have been expected. Thus typical 
TMV as well as typical HR symptoms were obtained, as well as 
several mixed or intermediate responses. If one were willing to assume 
that a single lesion represents progeny of a single virus particle (as we 
assumed when starting these experiments), then the mixed symptoms 
observed on many plants were an indication of success. However, since 
this assumption appears not to be justified the mixed symptoms may 
well be due to double infection with both types of viruses. Actually, it 
was possible to isolate “pure cultures” of each of the component 
strains. This could be interpreted as evidence that the mixture of two 
types of nucleic acid had been unscrambled in the course of reconstitu- 
tion, and that the two types of infectious particles were formed which 
would then be expected, namely, HR nucleic acid + TMV protein 
(HR-like) and TMV nucleic acid + TMV protein (TMV-like). How- 
ever, the results could also signify that mixed nucleic acid hybrid 
particles had actually been produced, and that they in turn had yielded 
progeny consisting of a mixture of pure TMV and HR rods, as well 
as the hoped-for cross, according to a sort of Mendelian pattern. This 
will be a difficult problem to unravel. At present we are inclined to 
favor the latter concept, since the mixed symptoms have occurred 
more frequently than one would expect for the occurrence of coinci- 
dentally double infected lesions. But control experiments with mixtures 
of the two virus strains are in progress to ascertain the probability of 
such double-barreled lesions. Up to the present we have not found 
any such “impure” lesions. The case for experimentally produced 
heterogeneity within many particles is thus strengthened. However, 
it seems that a reversion to the original strains would deprive the as 
yet somewhat hypothetical “mixed strain” of any medicinal or other 
usefulness. It would nevertheless be of some importance to establish 
its fleeting existence, since it would contribute a little to our under- 
standing of the mechanism of replication. For if mixed nucleic acid 
particles in the cell lead to the replication of the two separate com- 
ponents, then they must disintegrate intracellularly to the same 
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molecular weight level at which they were isolated, studied, and mixed. 
This would bring an interesting biological phenomenon more definitely 
into the realm of physicochemical study. 


Nature oF Activity or Nucteic Acip 


This discussion has led us back to its starting point: the chemical 
nature of the infectivity of nucleic acid preparations. Evidence that 
this infectivity is not due to contaminating virus is based on the fol- 
lowing observations. 

1. Tobacco mosaic virus can be almost quantitatively sedimented in 
the ultracentrifuge under suitable conditions, and with particular effi- 
ciency in the presence of nucleic acid (Table 3). Yet the number of 


TABLE 3 


SEDIMENTABILITY OF Tospacco Mosaic Virus From Ditute Sotutions* 




















TMV Nucleic Acid Percentage of Infectivity in 
ug. /mil. ug./ml. Solution Drain Pellet 
50 — 0.2 18 82 
5 -— 0.04 43 57 
5 2500 0 1 96 
1 --- 2 21 iG) 
1 500 0.05 2 98 
1 400 0.02 2 98 
1 160 0 50 50 
1 — 41 40 19 





* Centrifuged for 2 hours with refrigeration at 40,000 r.p.m. in a 40-rotor with 
nylon adaptors to fit 2 ml. tubes. “Solution” is the bulk of the sample, poured off 
rapidly after arrest of the centrifuge, “drain” the last 0.1-0.2 ml., and “pellet” the 
material that adheres to the bottom of the tube, when resuspended in water. 


virus particles that can be sedimented from active nucleic acid prepara- 
tions ranges from zero to about 1 per cent of the number required for 
the infectivity observed. 

2. Tobacco mosaic virus is specifically inhibited by high dilutions 
of rabbit anti-TMV-serum, or preferably the y-globulin fraction of 
such sera, but the nucleic acid activity is resistant to such treatment. 

3. The nucleic acid activity is very sensitive to the presence of salt, 
quite in contrast to TMV. Incubation in the best assay medium, 
0.1 M pH 68 phosphate (1 hour at 36° C.), has been used as a routine 
criterion for the differentiation of the two types of activities. But 
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other 0.1 M ionic media are as effective in inactivating the nucleic acid; 
at 0.01 M concentration most of the activity is retained, as it is in 
water, and 0.001 M salts may actually protect the infectivity. In all 
those tests, the samples are diluted with 0.1 M phosphate at 0° C. just 
prior to assay (Fig. 2). 






° A Sodium chloride 
: o Phosphate (pH 68) 
m Borate (pH9.2) 
@ Sodium acetate (pH 46) 
o Ammonium acetate (pH 6.8) 
A Ammonium sulphate 
@ Sodium carbonate 
@ Sodium bicarbonate 
A @© Acetic acid 
100 ~ rN 
e 
50 
® 
0 
0.00] 0.01 0.1 
Molarity 


Fic. 2, Percentage of activity of nucleic acid treated for 1 hr. at 36° C. with 
various buffers and salts, compared to water (also incubated) as 100 per cent. 


4. While all previous criteria indicate differences in the nature of 
the infectivity of tobacco mosaie virus and nucleic acid preparations, 
the effect of enzymes seems to indicate that the activity of the latter 
is not only different from that of tobacco mosaic virus, but is due 
specifically to the ribonucleic acid in these preparations. For it was 
found that the infectivity of the nucleic acid is extraordinarily sensi- 
tive to ribonuclease, and is abolished in 2 hours at 36°C. at an 
enzyme-substrate ratio of one to a hundred million. Considerably 
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higher concentrations (a hundred and a thousand fold) are needed of 
deoxyribonuclease or of trypsin to achieve inactivation. 

Thus many-fold evidence is at hand that nucleic acid preparations 
contain infectious components of non-viral, and most probably of 
ribonucleic acid, character. A working hypothesis which we originally 
favored is that the active component represents a small fraction of high 
molecular weight, possibly corresponding to the entire nucleic acid core 
of one virus particle (molecular weight about 3 < 10°). This concept 
appears to be held by Schramm (5). However, we can find no experi- 
mental evidence favoring this hypothesis. Recent experiments actually 
appear to indicate that the infectivity is associated with material of 
comparatively low, or average, molecular weight. In these experiments 
the nucleic acid was ultracentrifuged in the same narrow tubes which 
favor quantitative sedimentation of tobacco mosaic virus from dilute 
solutions. Samples were then taken from the top, middle, and bottom 
sections of the tube, and analyzed for nucleic acid concentration and 
infectivity. The efficacy of centrifugation was indicated by the concen- 
tration gradient, the bottom sample being about four times as concen- 
trated as the top. Yet the specific infectivity of the nucleic acid was 
the same in the top and in the bottom sections (Table 4). It would 


TABLE 4 


Errect oF ULTRACENTRIFUGATION ON Activity or Nuc eic ACID 























Concentration : 
Exp. No. Fraction mg./ml. Lesions /h.1.* 
I Nucleic acid, once ultracentrifuged 5.6 25 
2 X ultracentrifuged 5.6 25 
3 X ultracentrifuged 2.6 23 
II Nucleic acid, once ultracentrifuged 1.25 52 
Same, 2 X centrifuged, top 25% : 1.0 30 
Same, 2 X centrifuged, bottom 20% 17 18 
III Nucleic acid, once ultracentrifuged 5.2 154 
Same, 2 X centrifuged, top 25% __ Bo. 74 
Same, 2 X centrifuged, middle 60% 4.9 102 
Same, 2 X centrifuged, bottom 15% 8.3 73 
IV Nucleic acid, once centrifuged 4.0 30 
Same, 2 X centrifuged, top 13% _ 1.0 24 
Same, 2 X centrifuged, bottom 25% 3.2 24 
Same, ammonium acetate, top 10% 0.8 34 
Same, ammonium acetate, bottom 25% 3.0 21 





* Lesions per half leaf at 20-25 ug./ml. in Holmes necrotic-type tobacco. 


512 THE CHEMICAL BASIS OF HEREDITY 


thus appear that the typical TMV nucleic acid to which a molecular 
weight of about 200,000 to 300,000 has been ascribed (1) is infectious, 
to the extent that its intramolecular bonding has not been disturbed in 
the course of release from the virus and subsequent purification. High 
ionic strength appears to favor this loss of “native” structure, but 
variations in pH are less harmful (Fig. 2). 

These studies concerning the nature and structure of infectious 
nucleic acid are only in their beginning phases, and I have brought you 
right up to date in regard to our work. It will be a long time before any- 
one will attempt to decipher in chemical terms the code transmitting the 
“information” carried by these relatively simple, and yet so formidable, 
molecules. All we hope to do at present is to determine the length of 
the message and the nature of the material that it is written on. 
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DISCUSSION 


Dr. ScHRAMM: The idea of the reconstitution of virus from its con- 
stituents and building blocks is an idea which has had us fascinated 
for a long time. I think we did the first experiment about 15 years ago. 
At that time we found that we could separate the protein from the 
nucleic acid and that from this protein we could again prepare the 
virus rods. At that very early time, the role of nucleic acids in the 
biosynthesis of proteins was not known to us. At that time we were 
disappointed that we had no activity in this reconstructed rod. 
Naturally this was because there was no nucleic acid inside the rods. 
This protein—we call it a single protein—has a molecular weight of 
about 90,000; and by changing pH’s you can prepare from the rod 
those interesting intermediates which look like doughnuts, and these 
stick together to make these rods. If you change the pH to 5 you have 
only the rods and very few of the doughnut intermediates. From that 
time on, as the role of nucleic acids in biosynthesis became more and 
more obvious we tried to combine this nucleic acid from different 
preparations with protein, and we have published many unsuccessful 
experiments in this direction. We believe that this failure was due to 
the preparation of the RNA. It seems to us that the RNA is the more 
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sensitive part of the particle, and so we developed a new method for 
the preparation of the RNA which permitted us to prepare it at low 
temperatures and in a very short time. This method consists of 
extracting the protein by phenol. The protein is very soluble in the 
phenol, giving a phenol phase, and of course the pure RNA remains 
in the aqueous phase. Working with this RNA preparation, we found 
that the infectivity of this RNA was very high, and so we carried 
out many experiments to show that the infectivity is not due to any 
contamination of protein by a property of RNA itself. Before I come 
to this biological activity, I should like to make some remarks about 
the physicochemical activity of the RNA. This RNA which we obtained 
by the phenol method is stable for only a very short time. We have 
enough data to make a determination of the molecular weight. The 
sedimentation constant is greater than 25 Svedbergs, and the intrinsic 
viscosity is about 140 cubic cm. per gram. From this one can see we 
have a molecular weight higher than 2 million. We believe that 
shortly after preparation we have the intact core of the virus. One 
can calculate the particle weight of the virus core from the molecular 
weight as about 2.5 million. I think there is only a bit of degradation 
by our method, but after a few days this value drops to a molecular 
weight of about 60,000. Now, we have investigated the biological 
activity of this high molecular weight preparation, and have recorded 
and published activities of about 2% by weight; but now I have 
received a letter from my laboratory, and we have found that the 
activity depends upon the kind of buffer you use for the bioassays. 
At pH 6 you have an activity of about 2%. That means that 2 mg. 
of TMV is equivalent to 100 mg. of nucleic acid. At pH 8 we have 
an activity of about 5%, and at pH 10 we have an activity of about 
13% by weight. I think this may be a little higher activity than for 
the preparation made by Dr. Fraenkel-Conrat, who used mostly the 
detergent method. Also, we got very good fibers in the electron micro- 
scope from this preparation. The diameter is not very homogeneous. 
The molecules tend to aggregate both longitudinally and transversely. 
These fibers are much longer than the TMV itself. From my experi- 
ments it is clear that the activity is not due to any contamination of 
the protein. I think that we have good evidence, as Dr. Fraenkel- 
Conrat has shown, that the RNA itself is infective and that it is 
itself a genetic material. The RNA is a genetic material in TMV, 
just as the DNA is in the transforming principle, and serves as the 
genetic material for the bacteriophage in transduction. Another ques- 
tion is: Can the activity of the RNA be increased or enhanced by 
combining it with protein? We have carried out such experiments, 
and we have never found any increase in infectivity by combining our 
RNA preparation with an RNA preparation made by the methods of 
Dr. Fraenkel-Conrat or Dr. Robley Williams. I will say that it doesn’t 
mean too much. I hear from other laboratories that combination experi- 
ments of this kind are not successful every time. Maybe some factors 
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are involved such that sometimes you get reconstitution and some- 
times you don’t. I think we must be very careful about this reconstitu- 
tion experiment. It is very easy if you have some nucleic acid to attach 
some protein on the outside of it, and it is very easy to make rods 
that have the same appearance as TMV; but that is not reconstitution, 
I think. Then we know from x-ray investigations of Miss Franklin 
and others that there is a very pecullar arrangement of the subunits 
around this core, and it seems to be not so very easy to achieve the 
right arrangement here. I could believe that, if you coat some RNA 
with some HR protein and you put antibodies in this mixture, the 
core 1s carried down as a precipitate even if there is no reaction of the 
RNA with the antibodies. Another thing which we have to bring up 
is that the activity of the TMV depends upon the buffer solution 
and the external medium. We know, further, that if we combine the 
virus particle with detergent we get inactivation, and it is possible 
to remove the detergent by dialysis and obtain active rods again. So 
I think we should be very careful and have good proof before we speak 
of reconstitution. You can expect if you combine the protein and the 
core that you will have a higher infectivity. We know, of course, that 
the protein stabilizes the activity, and there may be some other 
protective function of the protein—for instance, against RNAase activ- 
ity from the cell. I think it would be very fruitful to repeat these 
reconstitution experiments, and I think (as Dr. Fraenkel-Conrat said) 
that these experiments are very stimulating and give us an insight into 
many biological problems. 


Dr. SINSHEIMER: In a sedimentation pattern, using ultraviolet optics, 
of the RNA of TMV prepared by brief heating in salt and then rapid 
cooling—actually freezing—and keeping at 1° in all the preparations, 
it is seen that the preparation actually does possess primarily a single 
boundary—actually about 85% of the material is in the leading edge, 
which has a sedimentation constant of 36 Svedbergs. Electron micro- 
graphs show that this material is rod-like in shape. This rod is about 
280 A long and 70 A in diameter. These rods are about all we see in 
these preparations, and we believe they are what Dr. Schramm suggests 
is the nucleic acid core. maaeta” 





Dr. Stantey: I think it ought to be emphasized that Dr. Fraenkel- 
Conrat and Dr. Schramm have made their nucleic acid preparations 
by two completely different techniques, one involving detergent and 
the other involving phenolization, and yet they both end “up with 
biologically active preparations, and they are not too far different so 
far as sizes are concerned. The important point is that this has been 
done completely independently in this country and in Germany. The 
reconstitution story, I think, is quite clear to me, but the most ‘im r= 
tant aspect of this thing is that you ean get a biologically active RNA 
which will induce its own replication and simultaneously with that 
its own specific protein, which apparently stabilizes the nucleic acid 
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and the biological activity. Dr. Fraenkel-Conrat didn’t have time to 
go into this stabilization, but it is apparently true. We are now 
attempting to find out the difference between the phenolized prepara- 
tions and the detergent preparations, because in our hands and in Dr. 
Schramm’s hands one is unstable and will not reconstitute a virus, 
whereas the other one does. I think the answer to this problem will 
come out before long. 


Dr. SpreceLMAN: I am a little bit worried about this inactivation 
with DNAase. Did you do it in the presence of citrate? Did you 
compare its action in the presence of carrier substrate and in the 
presence of magnesium? 

Dr. FRAENKEL-Conrat: We have tried it, but the results have been 
erratic. 

Dr. SPIEGELMAN: That might give you a way of providing convinec- 
ing proof that there was contamination in this preparation by RNAase. 


Dr. VoLkIN: I wonder if you have any evidence whether the recom- 
bination or reconstitution has to be specific between the plant virus 
RNA and plant virus protein, or whether you might have tried some 
non-plant-virus RNA’s to see whether they were incorporated into 
the protein shell. 

Dr. FRAENKEL-Conrat: That has been done in our laboratory with 
a variety of nucleic acids by J. E. Smith and Roger Hart. Practically 
any nucleic acid can become incorporated into the protein, but then 
there is no activity and the length seems to be limited. You get rods 
of all lengths, as you do with protein alone, only at a somewhat higher 
pH. Whereas when you have the right nucleic acid you get rods that 
group up to the size of 300 mp and then stop; there is not a single one 
beyond that size, so there is something size-determining and activity- 
giving in the right nucleic acid. 

Dr. Kapuan: I was wondering, Dr. Fraenkel-Conrat, in these experi- 
ments where you compared the nucleic acid of the HR and the TMV 
with the whole virus whether there is any difference in infectivity 
between the HR and the TMV. Is there a possibility that the TMV is a 
more infective particle than the HR? 


Dr. FRAENKEL-Conrat: The activity of the HR nucleic acid is as 
high as the TMV nucleic acid, and therefore when you use TMV-HR 
nucleic acid for reconstituting you end up with preparations which are 
more active after reconstituting than the virus which supplied the 
nucleic acid originally. It seems to me that the differences in specific 
activity of the different viruses are due to the protein coat affecting 
the ease of entering into the cell, or something. The activity of the 
nucleic acids of all strains seems to be of the same order. 

Dr. Ricu: You imply from your experiments with mixed strains 
that there may be several infective or self-duplicating units per TM\ 
rod. If one lesion arises from one infective rod, couldn’t you mix active 
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TMV-RNA with an inactive or synthetic RNA so that there are 
fewer infective units per rod. This might show up as either a smaller 
lesion or fewer TMV units per lesion. 

Dr. FRAENKEL-ConraT: It hasn’t been tried yet. 

Dr. Luria: Would it be correct to conclude from the evidence pre- 
sented today that the essential thing is to have the full length of the 
nucleic acid and that the function of the protein is to keep the full 
length intact? Would the people working in this field be willing to 
subscribe to this working hypothesis? 

Dr. FRAENKEL-ConratT: There is no evidence against it, but neither 
has it been proved. It would explain the 3,000 A units, which is other- 
wise difficult to explain. 

Dr. SCHRAMM: We have done experiments in our Institute that show 
that the activity goes down at the same sedimentation rate as the high 
molecular weight particles; yet there are some differences that yet need 
to be cleared up. It is fascinating to assume that the RNA determines 
the length of the virus, but I am not sure that is so. I think there is 
some mystery about this very, very specific length. 

Dr. ZAMENHOF: Dr. Fraenkel-Conrat, you mentioned that the 
nucleic acid of the RNA which has been tampered with seems to have 
a higher mutation rate than normal. That would be very important. 
What is the nature of the tampering, and how sure are you of this 
higher mutation rate? 


Dr. FRAENKEL-Conrat: We have observed two new strains. One 
was the progeny of nucleic acid which had been made by our technique, 
so the tampering involved precipitation by alcohol, and detergent treat- 
ment at pH 8.5 and 50°. The other one cropped up as a progeny of 
such a preparation. Virus was inoculated, propagated from a single 
lesion, and we got back a different strain. Thus the tampering can 
be in one generation or a thousand generations removed, but actually 
we have too little data to say much. In working with nucleic acid and 
taking it apart in 20 some progeny preparations, two of them gave 
new strains, which seemed to be high but not high enough to analyze 
statistically. 

Dr. N. Stumons: I don’t want to terminate this discussion, but I 
think there is a lesson to be drawn from the Mayflower Baking Com- 
pany’s slogan, “When you walk the road of life, brother, whatever be 
your goal, keep your eye upon the doughnut and not upon the hole.” 


Dr. SEYMOUR CoueENn: I just thought it relevant to comment on the 
apparent size or the molecular weight of the RNA of a small spherical 
virus. The total RNA content of all the viruses is about the same— 
that 18s, a sphere-like turnip yellow mosaic virus has about the same 
RNA charge as tobacco mosaic virus, and the weight of the RNA 
charge of 6 X 102% virus particles is about 214 million. When one 
degrades turnip yellow mosaic virus by very gentle methods, one 
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finds a very low molecular weight for the turnip yellow virus ribo- 
nucleic acid. Dr. Smith and Dr. Markham have found by end-group 
analysis a molecular weight of about 17,000, and we have found a size 
of about 35,000 to 50,000 by kinetic studies, so that one has actually in 
turnip yellow mosaic virus approximately 50 particles of small molecu- 
lar weight, in contrast to the long core of large RNA particles which 
one finds in the tobacco mosaic virus. 
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INTRODUCTION 


WHEN LISTENING to all these wonderful papers at this Symposium, 
from which it appeared to me that almost all the riddles of life were 
riddles no longer, I began to dream of what might have gone on at an 
International Congress of Pure and Applied Alchemy held sometime 
in the 15th Century. What was said there I could not reproduce; but 
I am sure of one thing: no one got up and said he could not make gold. 
Another thought that occurred to me was that in the Tower of Babel 
one language would not have been heard, namely Babylonian. Our 
sciences have lost a commonly or mutually intelligible language; and 
whatever dictionaries there are, they give wrong translations. When 
we go from the level of structure and cellular organization to that of 
molecules and their interactions, the same words often have entirely 
different connotations. In speaking, for instance, of a coil, how far is 
it from what the morphologist sees to what the crystallographer infers? 
And if there is no other difference between the splitting of chromosomes 
and the duplication of double strands of DNA, could it not be that the 
one does take place and the other probably does not? Furthermore, 
each science has equipped itself with a specific fire-extinguisher to 
dampen the enthusiasm of the other; so that if one screams “Specula- 
tion!” the other retorts with “Artifact!” 

There can be little doubt that the nucleic acids are occupying the 
center of biochemical attention at this moment—too much so, in my 
opinion, since this had to be done at the expense of other very worthy 
cell constituents, such as the proteins, the polysaccharides, the lipids. 
I should like to end these introductory remarks by quoting a few 
words from a recent review article (3). “The spectator who has fol- 
lowed the development of our knowledge of nucleic acids in the past 
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few years cannot help feeling that the stage is set for a grand finale. 
Many an acrobat has announced the ‘salto mortale’ to a gasping audi- 
ence; and though often only a graceful pirouette could be seen, ‘tamen 
est laudanda voluntas.’ But I believe that the deeper we get, the 
darker it becomes. It is true, the temptation is almost overwhelming 
to pour all into one pot: growth, and its change from benign to malig- 
nant; bacterial transformations; the transmission of hereditary proper- 
ties; the multiplication of virus and phage; the synthesis of inducible 
enzymes; the differentiation of tissues; the formation of antibodies— 
everywhere an interplay between nucleic acids and proteins, a spinning 
wheel in which the thread makes the spindle and the spindle the thread. 
But if it is hard to recognize the similarities between what is ostensibly 
dissimilar, it is even more difficult to make out the differences between 
what appears so similar; and moderation still is among the tools of 
our science.” 

In the following remarks I shall, wherever possible, refer to the 
pages of the recently published treatise on the nucleic acids (5). Deoxy- 


pentose nucleic acids will be abbreviated as DNA, pentose nucleic 
acids as PNA. 


Bases IN Nucuerc ACIDS 


DNA, according to the species of origin, may contain four or five 
nitrogenous constituents. Adenine, guanine, and thymine seem to occur 
in all, and cytosine in most, specimens (4). 5-Methyleytosine ocea- 
sionally replaces a portion of the cytosine, more so in plant than in 
animal DNA and not at all in microbial DNA. 5-Hydroxymethyleyto- 
sine substitutes entirely for cytosine in coliphage DNA of the even 
varieties. Under exceptional circumstances 6-N-methyladenine occurs 
in partial replacement of thymine (7). The existence of trace con- 
stituents cannot be excluded. 

PNA is even less varied in the-list of its constituents (14). No 
exception to the exclusive occurrence of adenine, guanine, cytosine, and 
uracil has, thus far, been found. It is remarkable, also in view of the 
many discussions on the biological interconversion of DNA and PNA, 
that wheat germ, whose DNA is notoriously rich in 5-methyleytosine, 
does not appear to incorporate this pyrimidine into its PNA (12). 

Uniform as the inventory of nucleic acid constituents appears to be, 
the proportions of these constituents often vary very considerably in 
specimens from different sources, and they vary perhaps over a wider 
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range in DNA than in PNA. For analytical details the recent compila- 
tions (4, 14) should be consulted. I should like to limit myself here 
to a few remarks bearing more directly on the theme of this Symposium. 


Nucueic Acips as Hich PoLtyMeErs 


If we assume that the magic capacity of which there is so much talk 
in these days, namely, “biological information,” is carried by the nucleic 
acids by virtue of specific nucleotide sequences and by the proteins 
through a specific arrangement of amino acids, we shall immediately 
notice a fundamental difference between these two types of polymers. 
The insertion of a different amino acid molecule into the polypeptide 
chain requires the cleavage of the peptide linkage. In a nucleic acid 
the superstructure of glycosidically bound nitrogenous constituents 
could, at any rate theoretically, be modified without the breakage of 
the poly-sugar phosphate backbone. It is, however, noteworthy that 
enzymes capable of attacking, or exchanging, the purines and pyri- 
midines in a polynucleotide chain have not yet been observed. 

One could put it in another way by saying that the ideal monomer 
of a protein consists of one molecular species, an amino acid; that of a 
nucleic acid, the nucleotide, of three: base, sugar, phosphoric acid. 
Even the lack of a proper terminology emphasizes this difference. We 
have no name to classify high polymers of the type to which the poly- 
sugar phosphate backbone of a nucleic acid belongs, i.e., substances 
in which molecules are linked to each other through bridges of a 
different chemical character, as in this instance the pentoses by phos- 
phoric acid. I have little doubt that this type of mixed polymer is not 
limited to the nucleic acids.1 


DEOXYPENTOSE NucLEIc ACIDS 


The evidence, far from all-embracing, of the architectural principles 
holding DNA together, viz., 5’:3’ phosphate bridges, has been reviewed 
recently (1). Faults in this structure cannot be excluded, nor is the 
position, or even the existence, of a terminal phosphate group rigorously 
proved. Whether cyclic polynucleotides occur under circumstances has 
not been determined. The assertion that the sugar is always deoxyribose 

2 There could be several acceptable designations, based on derivations from the 
Greek, for this type of bridge polymer: gephyrides, “bridge compounds” ; 
peronides, “clasp compounds” ; desmotides, “link compounds”; or plektides, “plait 


” 


compounds.’ 
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rests on no firmer foundation than the identification of ribose as the 
only sugar of PNA. The chemistry of this subject is unusually rich 
in magnificent, though ill-founded, generalizations. . 

The composition of DNA has been discussed recently in great detail 
(4). The findings indicate that there exists a very large number of 
different nucleic acids which can be distinguished by different propor- 
tions, and hence by differences in the sequence, of the component 
nucleotides. In the two most extreme cases the disymmetry ratio 
(A+ T/G+C)? varies from 0.4 to 1.9. Despite these far-reaching 
divergences several regularities that appear to be characteristic of all 
DNA have been known for something like seven years (2). They are: 
(a) A=T; (b) G=C; (c) A+ G=C-+-T; and, therefore, (d) 
A+ CGT, ie., (6-Am=—6-K). 


PENTOSE NucLeiIc ACIDS 


With the exception of the PNA of plant viruses, which in my opinion 
occupy a special position among the nucleoproteins, it is highly ques- 
tionable whether the analysis of isolated PNA preparations offers much 
hope for an understanding of their specificity. In the experience of 
our laboratory it is extremely difficult, and in some cases impossible, 
to prepare several specimens from the same animal or microbial source 
that are as closely similar in composition as the DNA of a given 
species. We have pointed out recently how close the conjugation of 
PNA with proteins is in many instances and how tenaciously pentose 
nucleoproteins resist complete deproteinization (9). 

It was, for this reason, only after we had relinquished the analysis 
of isolated PNA and had transferred our attention to the nucleotide 
distribution in total crude pentose nucleoproteins that the comparison 
of different preparations and the establishment of compositional regu- 
larities became possible (8, 9). It appears that PNA, when analyzed 
in the form of undegraded nucleoprotein, shows one, and only one, of 
the regularities characteristic of DNA, namely, 6-Am—6-K, i.e., 
A+ C==G-+ U. This regularity does not, however, seem to apply 
to certain plant viruses. Table 1 illustrates a few characteristic instances. 


* Abbreviations: A, G, C, T, U stand for adenine. guanine, cytosine, thymine, 
uracil, respectively, or for the corresponding nucleotides. 6-Am denotes nucleotides 
carrying an amino group in 6 position (adenylie and cytidylic acids), 6-K those 
having a 6-oxo group (guanylie and thymidylic or uridylie acids). Pu indicates 
purine nucleotides; Py, pyrimidine nucleotides. 
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TABLE 1 


Nuc eotipe Ratios iv Pentose NvucLEoPpROTEINS 




















Source Pu/Py A+U/G+C_ 6-Am/6-K 
Ox liver 0.80 0.63 1.04 
Rat kidney * 0.96 0.66 1.00 
Cytoplasm of rat liver and kidney * 0.99 0.62 0.93 
Paracentrotus lividus, eggs and embryos » 1.08 0.77 0.99 
Wheat germ ° 1.07 0.76 1.00 
Yeast * 1.00 Laz 0.93 
Escherichia coli * 1.18 0.87 1.00 
Mycobacterium phlei * 1.06 0.73 0.93 
Azotobacter vinelandii 4 We | 0.78 1.00 





* Taken from Elson and Chargaff (9). 

» Taken from Elson et al. (10). 

© Taken from Lipshitz and Chargaff (12). 
* Taken from Lombard and Chargaff (13). 


REMARKS ON THE MEANING OF REGULARITIES, ON 
NUCLEOTIDE SEQUENCE AND ON FRACTIONATION 


Is there any sense—one might ask—in searching for regularities in 
nucleic acid composition? Has not the old tetranucleotide hypothesis, 
defunct but not forgotten, done enough mischief? Is Nature nothing 
but an interior decorator’s dream? Granted all that—and our easy- 
going cryptographers deserve to be discomfited, as they surely will. 
But if there is any meaning to a concept of biological information that 
can be transcribed in chemical terms, the existence of regularities of 
the sort mentioned before may, as I have pointed out recently (3), 
furnish us the only clue to systems through which such information is 
preserved or—and this is more important—transmitted. The precise 
features of this transfer can hardly be discerned at this time; the 
unbelievable amount of male handicraft spent on getting inept models 
out of difficulties appears to me as wasted. 

If we consider the one regularity that almost all nucleic acids appear 
to share, namely, the presence in them of an equal number of nucleo- 
tides having a 6-amino group and of those having a 6-keto group, the 
most satisfactory construction that could impose this uniformity is 
one in which two polynucleotide chains are bonded to a polypeptide 
chain, so that each peptide carbonyl] is linked by a hydrogen bond to 
the 6-amino group of adenine or cytosine and each peptide amino group 
to the 6-keto group of guanine or uracil (or thymine). Such a rela- 
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tionship has been discussed for PNA in detail in a recent paper (9). It 
is for the moment, of course, purely hypothetical. Whether in DNA 
the other pairing principles mentioned above are a secondary conse- 
quence, not applicable to PNA, of the 6-Am to 6-K relationship or 
whether they indicate an entirely different structural arrangement in 
the two types of nucleic acid, cannot yet be said. It will, however, be 
clear that I should prefer to consider the protein moiety of a nucleo- 
protein as not merely an ornamental or protective supplement. 


Methods for the determination of nucleotide sequence remain one 
of the most urgent problems in nucleic acid chemistry. It is, however, 
obvious that sequence cannot be the sole agent of biological informa- 
tion. Even if the arrangement of an entire polynucleotide could be 
written, a third dimension would be lacking: the operative three- 
dimensional shape of the molecular aggregate, in which perhaps not 
only numerous nucleic acid molecules take part, but also proteins and 
possibly even other polymers (polysaccharides, lipids, etc.). The ease 
with which preparations of transforming principles can be inactivated 
makes it improbable that nucleotide sequence in itself can be the only 
determinant; and a similar conclusion would apply to the amino acid 
sequence in many proteins. Thus far, sequence analysis has yielded 
only fragmentary results. The work on PNA will be discussed by 
others. I should like to limit myself to the mere mention of previous 
studies in our laboratory on apurinic acid and similar degradation 
products (4, 11), on the enzymic breakdown of DNA and PNA (4, 6, 
14) and on the mechanism of the formation of nucleoside-3:5-diphos- 
phates from DNA (15, and unpub. studies with H. 8. Shapiro). In 
general, it can be said that, in both DNA and PNA, purine nucleotides 
have a greater chance to be next to, or near, other purine nucleotides 
than next to pyrimidine nucleotides; in other words, there is some evi- 
dence of bunching. In addition, as yet unpublished work of Shapiro 
has shown that it is sometimes possible to distinguish between DNA 
specimens of similar composition if they are derived from different 
species. 


There can be little doubt that the sequence analysis of DNA would 
have been pursued with greater vigor if the last few years had not pro- 
vided so much evidence that DNA preparations can be fractionated 
into many fractions of a regularly graded nucleotide composition. I 
have no time to go into these questions here, but may end by referring 


to several papers in which this problem is reviewed (4, 12. 16). 
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DISCUSSION 


Dr. Matruews: As Dr. Chargaff has pointed out, we have no infor- 
mation at present about the sequence of nucleotides in RNA and DNA 
chains. Under these conditions speculation can work freely. One idea 
has been that a triplet of nucleotides in a polynucleotide might define 
the position of one amino acid in a polypeptide. At present we cannot 
do anything in the way of nucleotide sequence determination to test 
this hypothesis, but we can look at the composition of nucleic acids 
and associated proteins in cases where the composition of one is 
unusual. We already have one example of this. The plant virus turnip 
yellow mosaic virus has 37% of cytidylic acid in its RNA. The 
protein of this virus has recently been analysed by Markham and 
Rees, and it contains as the highest constituent about 10% of serine. 
Ten per cent is not an unusually large amount for the most abundant 
amino acid in a protein. Looking for another example of unusual 
composition we examined the silk gland in the silk moth Philosamia 
ricini. Silk proteins contain about 45% glycine. The silk gland is very 
rich in RNA. If this RNA is acting as a template for the silk proteins 
we might expect unusual base ratios, or at least ratios differing from 
the RNA’s of a tissue of more mixed function. We have determined 
the base ratios for the RNA of the silk gland and the gut, which is an 
organ of diverse functions (Table 1). Organs were obtained from 
larvae in the last instar. 

The RNA’s from the two sources were very similar in composition 
and not at all unusual. This is not what we would expect at first sight 
if the triplet idea was correct. However, with only two RNA—protein 
comparisons we cannot prove or disprove any hypothesis. It may be 
worthwhile looking for further examples of unusual composition In 
nucleic acids and the proteins associated with them. 
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TABLE 1 


Mo war Ratios oF BASES IN THE RNA’s FROM THE SILK GLAND AND THE 
Gut or THE S1tK Moru Philosamia ricins 














Silk Gland Gut 
Guanine 1.26 1.30 
Gece 0.95 0.99 
Cytosine 1.03 0.94 
Uracil 0.76 0.77 
RatioG + U/A + C 1.02 1.07 








Dr. McEtroy: Have there been other comparisons made with an end- 
group analysis to the molecular weight determined by other methods? 


Dr. SeyMour CoHEN: The only comparison that has been made is 
in the turnip yellow system, in which Drs. Smith and Markham 
obtained a value of 15,000 to 17,000 and we have obtained an average 
value of about twice that. In this connection I would like to bring up 
the very interesting recent results of Dr. Warner and Dr. Ochoa in 
which they obtained a pairing of polyadenine nucleotides and poly- 
uridine nucleotides. This also seems to fit in with the apparent pairing 
of the various bases via the 6-amino—6-hydroxyl groups which Dr. 
Chargaff’s analysis seems to point to. One would like to know whether 
this is at all possible. In other words, we may have actually seen an 
aggregation, and what Dr. Smith has observed with the RNA of turnip 
yellow mosaic virus may be the actual ends of the chains. We have 
seen the two chains going together. I don’t know whether this is true 
or not, but it seems reasonable. 


Dr. CuareGarF: I think that before long, Dr. Crick, you will retreat 
from this untenable position of dinucleotides entering the template. 
Once you relinquish the idea that monomers only are lined up on the 
template, you will notice that you get into all the troubles that those 
got into who tried to explain protein synthesis by the assembly of 
oligopeptides. If you have to have a template, mononucleotides are 
your best bet. You see, you would have had to have a Maxwellian 
demon in each cell which would really direct the methyleytidylic acid 
to go next to guanylic acid before they are incorporated into DNA; 
a sort of a higher cellular intelligence unlikely to find outside of Cam- 
bridge. I have recently reviewed the evidence from Smith and 
Sinsheimer that methyl cytosine has a remarkable tendency to lie next 
to guanine and that it shows a highly uneven distribution with respect 
to cytosine in DNA fractions (Symp. Soc. Exp. Biol., 9, 32 (1955)). 
This we could explain if we assumed—and it won’t fit into your 
hypothesis—that the neighboring and not the opposite base directed 
the Incorporation. Then you would end up with an infinite number 
of determinants in the directing template. Now, maybe this could be 


so. But if it were, at the same time I am afraid you would have te 
erase your beautiful hypothesis. 
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Dr. Benpicu: I think there is a more serious objection than whether 
5-methyl cytosine fits in at random or not, and that is whether or not 
in all instances the specific pairing unity ratio principle is maintained. 
I think it’s a question again of stressing a point that Professor Chargaff 
made that we are dealing with impure materials, ie., mixtures of poly- 
nucleotides. A very important point then is whether one is separating 
the component parts of the mixture, and studying only certain parts 
thereof. With our anion exchange system we were able to obtain a 
number of calf thymus DNA fractions from the column and we per- 
formed a number of base analyses on some of them. Some fractions 
were eluted in the neutral salt region, and others were obtained at 
elevated values of pH, from 8.9 to 11. The original material has an 
adenine to thymine ratio of 1.03 and guanine to cytosine of one. A 
selection of some of the data (given in the accompanying table) shows 
significant deviations from unity ratio with fractions of DNA obtained 
by this method, which we believe has a much higher resolution than 
some of the other fractionation methods which have been described in 
the literature. These analyses are plus or minus less than 0.02, so 
that these are real deviations from unity ratios. It should be recog- 
nized that these nucleic acids are hopeless mixtures, and we should 
seriously consider methods of higher resolution to separate the many 
components thereof. If we have a 10% deviation from unity base ratio 
in a DNA of molecular weight as high as 6 million, it would mean 
then that there could be several hundred bases (out of a grand total 
of 20,000) which are naked—that is to say, that on one side of the 
hypothetical double helical chain there might be several hundred 
bases without any specifically-paired partners on the other side. These 
are more serious objections than whether 5-methy] cytosine fits in or not. 

Dr. OcHoa: I would like to add a comment to the point that was 
made before—namely, about the chain length of ribonucleic acids and 
the molecular weight as determined by physical methods. Dr. John 
Smith himself, as he mentioned before, has done end-group assays of 
several polynucleotides synthesized by polynucleotide phosphorylase, 
and we have calculated molecular weights in this way. Dr. Warner 
has carried out centrifugal studies on these polynucleotides. We don’t 
yet have enough data for a molecular weight based on sedimentation, 
but the results are clear-cut enough so that we can say that there is 
a very marked discrepancy. For example, take what we call the 
AGUC polymer which contains all of the bases, it has an average chain 
length, I believe, of about 30 units, and its molecular weight on this 
basis should be about 9,000; yet by sedimentation we can say that the 
molecular weight is over 70,000. That is also the case with other 
synthetic polynucleotides. I would like to ask Dr. Smith the question 
whether the chain length of TMV has been determined and whether 


one finds similar discrepancies. 
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Dr. SmirH: Nucleic acid of the Cambridge strain of TMV has a 
chain length of almost 50 nucleotide residues, but no physical studies 
of molecular weight have been made on nucleic acid from this strain. 

Dr. Ocuoa: If I may say just a few more words, a further point of 
information comes from the results of the analysis of Azotobacter RNA 
mentioned by Dr. Chargaff. He pointed out to me that the analysis 
was done on whole cells, and it is interesting to note that these analyses 
are very close to those obtained by Dr. Smellie in our laboratory on 
RNA isolated from Azotobacter. 

Dr. Butter: This discrepancy between the molecular weight and 
end-group analysis is not very surprising, but one would lke to 
know, of course, under what conditions the sedimentation value was 
estimated. In our experience RNA aggregates very easily and so 
could complicate the determination. 

Dr. Ocuoa: I might say, Dr. Butler, that Dr. Warner had similar 
results with our synthetic polynucleotides. There is clear-cut evidence 
for aggregation, and presumably the differences in chain-length and 
sedimentation are due to that factor. 

Dr. BucHANAN: Dr. Roland Beers, who has been working at M.1.T. 
on polynucleotide phosphorylase, finds that he can get almost any 
molecular weight or polynucleotide he wants to, depending upon how 
he chooses to isolate the material after the enzymatic reaction. This 
is more a function of the care he takes in isolating the polynucleotide 
than it is of any other one factor. He can get values of 2 million when 
light scattering was used as the method of determining the molecular 
weight of his sample of polynucleotide. 

Dr. Ocuoa: Yes, that’s true, but there you have already started 
with purified enzyme and the method of isolation of the polynucleo- 
tides is very mild. All we do to isolate the polynucleotides is to add 
alcohol at 0°C. at the end of the reaction. 


THE STRUCTURE OF DNA 


F. H. C. Crick 
The Medical Research Council Unit for the 
Study of the Molecular Structure of Biological Systems, 
The Cavendish Laboratory, Cambridge, England 


THE STRUCTURE proposed for DNA (deoxyribonucleic acid) has been 
described before (for a review, see Jordan, 21) and will only be out- 
lined here. It consists of two polynucleotide chains running in opposite 
directions and twined round one another. The two chains are held 
together by hydrogen bonds between the bases, each base being joined 
to a companion base on the other chain. This pairing of bases is specific, 
adenine going with thymine, and guanine with cytosine. The struc- 
ture is not only found in extracted DNA from a wide variety of sources, 
but is also present in intact biological material such as sperm heads 
and bacteriophage (36). 

The x-ray work up to 1954 has already been briefly summarized, with 
references (6). Since then, the group at King’s College, London, under 
Dr. M. H. F. Wilkins have published an interim report (17) on their 
studies of the B form of DNA and on their work on nucleoprotamine. 
Two reviews (9, 37) have also appeared; the one by Wilkins (37) 
touching on the very recent work of his group on nucleohistone. Some 
studies of the B form of DNA have also been carried out by Wykoff 
(38), who has shown that the B structure obtained by stretching the 
A form is slightly different from that produced by swelling it. The 
King’s College group have obtained the B form in a crystalline state, 
and in particular, have shown that the lithium salt gives a good 
lattice (37). ‘ 

According to Wilkins (37), the structure is now firmly established. 
The detailed structure described by Crick and Watson (8) has been 
shown to have too large a diameter, and a drawing has been given of 
an improved model which is in fairly good agreement with the x-ray 
data. No coordinates have so far been published.* (It should be noted 


rr ee ear oe ‘ ty : , 
Dr. Wilkins has offered to make his provisional coordinates available to any- 
one who would like to have them. 
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that there is some minor disagreement between Wykoff and the King’s 
College group.) The published work on the A form is even more pre- 
liminary. This is unfortunate, as the ultimate test of a model must 
be its agreement with the very beautiful and detailed pictures which 
Wilkins and his coworkers have obtained from the A form. It is 
encouraging to learn that isomorphous replacements of Na, K, and Rb 
ions have been possible (37). The full publication of the experimental 
data, together with the coordinates of the proposed models and their 
calculated Fourier transforms is awaited with interest. 

There have been two independent suggestions (19, 24) that the poly- 
nucleotide chains of the DNA structure are paranemically coiled; that 
is to say, that the two chains are not truly intertwined, but merely lie 
side by side in an intimate but distorted embrace. Gamow (19) does 
not use the term paranemic coiling to describe his proposal, but his 
suggestion that “the long helical molecule is wound into a coil possess- 
ing the same repetition period as the original helix” is a description of 
paranemic coiling. This has already been discussed and rejected (35), 
as being very difficult to reconcile with the data. The two authors put- 
ting forth this idea are apparently unaware of the convention that for 
a structure to be given serious consideration it must be possible to build 
a scale model of it having acceptable bond distances and angles— 
inspiration by itself is not enough. Until a satisfactory model has been 
presented this idea must be regarded as incorrect. 

The experimental evidence, other than the x-ray data, which supports 
the double helical model, falls into two classes: the chemical evidence, 
and the physico-chemical evidence. The chemical evidence shows that 
the molar ratio of adenine/thymine and of guanine/cytosine + 5-methyl 
cytosine are very close to unity for all sources of DNA. This striking 
experimental fact was originally pointed out by Chargaff. The latest 
evidence is reviewed by Chargaff elsewhere in this volume (3). 


UNUSUAL BASES 


One feature of the recent analytical data which appears to be caus- 
ing a certain amount of confusion is the occurrence in DNA of various 
bases other than the usual four. The replacement of cytosine by 
5-hydroxymethyl] cytosine (probably with glucose attached) in the 
T-even phages presents no problem, since it will fit into the structure 
without difficulty. The smaller amount of 5-methyl cytosine which 
occurs in the DNA of various organisms is again not a structural 
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problem, since it appears to replace cytosine, in the sense that the molar 
sum of cytosine and 5-methyl cytosine is closely equal to the number 
of moles of guanine. The same applies to the very small amounts of 
6-methyl aminopurine (15) found in certain bacteria. However, the 
larger amounts of this base which apparently replace thymine in the 
thymineless mutant T15— of Escherichia coli, when growing without a 
supply of thymine (14), do constitute a problem; but the effect is 
lethal to the cells and the DNA may well be abnormal. 

A possible explanation of this peculiar behavior is suggested by the 
data on 5-methyl cytosine. This base does not replace cytosine at 
random, since it has been shown that different fractions of DNA have 
large variations in the cytosine/5-methyl cytosine ratio (3, 4, 25). 
However, it has been found that 5-methyl cytosine occurs almost 
entirely next to guanine (30-32). 

This relationship suggests that the precursors of DNA are not mono- 
nucleotides (or related molecules) but resemble dinucleotides or higher 
nucleotides. Applying this idea to the case of 6-methyl aminopurine, 
one might surmise that 6-methyl aminopurine (denoted by X) is incor- 
porated not by itself, but attached to some other nucleotide, probably 
thymidylic acid (denoted by T) either as XT or as TX, and that, in 
particular, it goes into places which would normally accommodate TT. 
The amounts incorporated are crudely compatible with this idea. This 
hypothesis has the unusual advantage of being testable—for example, 
by analyzing the various amounts of various dinucleotides, from a 
partial digest, which contains X. In general, whenever an unusual base 
is incorporated into DNA it would be well worth-while to see if it 
occurs with certain preferred neighbors (including the ends of the 
polynucleotide chains). 


PuysIcaAL CHEMICAL EVIDENCE 


There is now much physical evidence to support a two-chain struc- 
ture. Briefly, this includes the titration curve (20-23, 27), which sug- 
gests that the bases form hydrogen bonds, and that these are bonds 
within the structure, since the titration hysteresis persists to very low 
dilutions (22); the shape and size of the molecule in solution, obtained 
from a combination of light scattering, viscosity, and sedimentation 
measurements (12, 28), which show that DNA in solution is highly 
extended, but not completely straight, and that its diameter is com- 
patible with the double helix model (12); and also studies of the rates 
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at which the structure is broken down by gamma rays (5), acid (34), 
or enzymatic attack (33), which are consistent with there being two 
strands in the DNA, so that the molecule does not come apart until 
there are breaks in both backbones almost opposite one another (oppo- 
site to within two nucleotides, according to Thomas, 33). 

The claim of Alexander and Stacey (1) to have separated the two 
chains by the use of various treatments, such as exposure to 4 M urea, 
has not been accepted by other workers (12). Similarly the suggestion 
of Dekker and Schachman (10) that there were occasional breaks (say 
1 in 50) in the phosphate-sugar backbone has not been supported by 
the recent evidence (27, 33, 34), which seems to show that breaks, if 
they exist at all, must occur only very infrequently (less than 1 in 
500, say). 


GENERAL REMARKS 


It is important to notice the combination of symmetry and pseudo- 
symmetry, and of repetition and non-repetition, in the DNA structure. 
The phosphate-sugar backbone repeats regularly, both chemically and 
structurally. This repetition necessarily implies that the phosphate- 
sugar groups are related by symmetry, in this case by a screw axis, and 
it is this which makes the backbone a simple helix. Again, the two 
separate phosphate-sugar backbones are related to each other by 
symmetry, in this case by two-fold rotation axes perpendicular to the 
fiber axis. 

The arrangement of the bases, however, does not repeat, and only 
shows pseudosymmetry; that is, the region occupied by a pair of bases 
is fixed, and successive regions are related to each other by symmetry, 
but there is no restriction on which pair of bases occurs at any point, 
as long as one of the allowed pairs is used. 

There are many different ways of pairing the four common bases, 
using two hydrogen bonds, and these have recently been systematically 
described by Donohue (11). As far as we know, these are all equally 
likely in solution. The base pairing described is the only satisfactory 
way which allows all four bases to occur on one chain, and which will 
fit the x-ray data. It remains to be seen whether there are other struc- 
tural reasons (e.g., that the glycosidic bond must point roughly toward 
the axis) which favor the particular pairing suggested. 

It should be noted that while x-ray diffraction shows that a substan- 
tial portion of the DNA must be in the double helix form it is an 
extremely poor method for deciding how much of the DNA is in this 


536 THE CHEMICAL BASIS OF HEREDITY 


configuration. The titration curve and the analytical data suggest that 
the great majority of bases are paired. However, as has been stressed 
before (35), it seems certain that the molecule is folded in its biological 
condition, and there may conceivably be occasional regions where the 
configuration is somewhat modified. Before this idea becomes too 
popular, however, it would be nice to have some positive (rather than 
indirect) evidence for it. 


REPLICATION AND GENE ACTION 


The function of DNA is outside the scope of this paper, but there 
have recently been a number of suggestions for mechanisms which are 
based on features of the molecular structure. For example, the mechan- 
ism of Lockingen and DeBusk (26) depends on the presence of breaks 
in the backbones, which are now thought to be absent, or at least very 
rare. The suggestion of Block (2) depends upon being able to turn 
over the bases—as does the scheme of Dounce, Morrison, and Monty 
(13) for RNA. This may be possible for adenine, but molecular models 
suggest that it is difficult if not impossible to do it for guanine, thymine, 
and cytosine because the resulting van der Waals contact would be 
too close (between the pyrimidine O, in position 2, and the ribose ring 
oxygen, or between the NHp of guanine and the adjacent sugar). The 
suggestion of Schwartz (29), that aromatic amino acids are sandwiched 
between pairs of bases, can be criticized (apart from the rather doubt- 
ful idea that 5-membered rings attract only 5-membered rings, and 
6-membered rings only 6-membered rings) on the ground that it seems 
unlikely that such a model could be constructed, since the argument 
that the bases can be packed 7 A apart is based on a misconception 
of the structure. 


In both these cases, it would have been better if the authors had 
attempted to build scale models* to show that their ideas were struc- 
turally feasible. 


Incidentally, it is possible to produce schemes similar to that of Block 
by separating the base-pairs by rotating one of the DNA chains about 
the fiber axis, relative to the other, This is structurally possible if the 
bases are not too close to the axis of the molecule, but this may not 
normally be the case (17, 36). 


7A recent comment that “Real Research is done at the Bench and not playing 
about with Metal Models,” should be ignored here. 
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Although not directly supported by the experimental evidence, it 
seems very probable that the two phosphate-sugar backbones run in 
opposite directions and are related by two-fold axes. This means that 
if we regard the sequence of base pairs as a code, there is nothing in 
the structure to tell us in which direction to read it, except the sequence 
of the bases themselves. Thus, a code of the type described by Gamow 
(18) does not specify the direction of the polypeptide chain for which 
the DNA is supposed to be coding. For example, the sequence gly-ala- 
leu would correspond in his code to the same piece of DNA as would 
leu-ala-gly, using the usual convention. There are several ways out 
of the dilemma—for example, that the base-sequence makes “sense” if 
read one way and “nonsense” if read the other—but the point is a 
fundamental one and should not be overlooked. 

It has been pointed out elsewhere (7) that the most obvious way in 
which the sequence of bases could express itself in terms of physical 
chemistry is in the patterns of sites for hydrogen bonding presented 
by the structure. The significance of 6-methylaminopurine in this 
respect should be noted, since the introduction of the methyl group 
changes this pattern radically, at least on the inner surfaces of the 
structure. 


NUCLEOPROTEIN 


Essentially all the x-ray work on nucleoprotein has been done by 
Wilkins and his coworkers (17, 37). Much of it is still in a very 
preliminary stage. 


Nucleoprotamine. 


The evidence suggests that the protamine chain is wound helically 
round the DNA structure in the smaller of the two grooves between the 
backbones (17). Models show (17) that an extended polyarginine chain 
can be fitted in there without difficulty, with the positively charged 
basic groups of the side-chains going alternately up and down to the 
negatively charged phosphate groups of the DNA backbones. In 
nucleoprotamine there appears to be one arginine for every phosphate, 
yet only two-thirds of the protamine side-chains are basic. This sug- 
gests that the polypeptide chain is folded whenever the non-polar amino 
acids occur. Model building shows (17) that it is difficult to construct 
a fold with one non-polar residue, but relatively easy with two in suc- 
cession. The data on the amino acid sequence (16) show that the 
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non-polar residues do indeed occur in pairs. It is not yet clear whether 
the interaction between the non-polar residues and the bases of the 
DNA structure is specific or non-specific, nor whether the non-polar 
folds go inwards or outwards (17). 


Nucleohistone. 

The main features of the preliminary x-ray work (37) are that 
(1) the DNA—or at least part of it—maintains its characteristic 
structure; and that (2) some larger repeating structure is also present. 
These results are obtained with nuclei, swollen in water and drawn 
into fibers, and also with artificial combinations of DNA with (lysine- 
rich) histone. One equatorial spacing (of about 60 A) changes little on 
drying; another, around 40 A, alters with humidity. The significance 
of these results is not yet clear. Their main importance is to show that 
nucleohistone has a structure of some sort. 
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THE PHYSICAL HETEROGENEITY OF DNA 


J. A. V. BuTLer anp K. V. SHOOTER 
Chester Beatty Research Institute, 
Fulham Road, 

London 8S. W. 3, England 


Ir DNA 1s the genetic material it obviously must carry an enormous 
variety of characteristics. The fractionation of DNA by various means 
examined by Chargaff (2), Brown and Watson (1) and Lucy and 
Butler (4, 5), has yielded fractions of different composition indicating 
that chemical heterogeneity does occur. Physical heterogeneity has 
been observed in our observations with the ultracentrifuge at very low 
concentration, in which a wide range of sedimentation constants, often 
extending from S = 10 to 40 or more, is observed in a single specimen 
(6, 7). This range of sedimentation constants seems to be quite real 
and it is possible to separate DNA’s with higher and lower sedimenta- 
tion constants by centrifuging in the preparative centrifuge (Fig. 1) (8). 
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Fic. 1. Fractionation of calf thymus DNA by centrifuging. 


The distribution of sedimentation coefficients observed, however, is 
found to depend on the preparative procedures used. When DNA is 
isolated by the detergent process of Dounce and Simmons (3), it is 
found that its characteristics are very similar to that of a solution of 
the nucleoprotein in 2.5 M salt solutions (Fig. 2). However, the Sevag 
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Fic. 2. Sedimentation characteristics of DNA obtained by adding 
2.5 M NaCl to nucleoprotein and after precipitation. 


process was found to yield DNA specimens with lower average sedi- 
mentation constants. 

It is obvious, then, that there must be a considerable variation of 
particle configuration in the specimens of DNA as prepared. This 
does not seem to be correlated with composition in any way, as the 
fractionation by composition does not yield specimens with very dif- 
ferent sedimentation constants (4, 5). It has not yet been possible 
to prepare DNA specimens by fractional centrifugation in sufficient 
quantity to determine their composition. 

We may ask what is the origin of the different configurations. There 
must be a considerable variety of shapes, but we have not yet been 
able to make a comparison of the sedimentation behavior with light- 
scattering molecular weights. It might be noted that in light-scattering 
investigations efficient centrifugation procedures are undertaken with 
the object of removing “dust,” and this probably has a marked influ- 
ence on the molecular weights of the specimens studied. 

At present we are unable to draw any conclusions about the nature 
of the configurations of the DNA particles. The results are not com- 
patible with a system of fairly straight rods of constant diameter and 
different lengths. It may be that some kind of aggregation occurs, 
with the result that we have clusters of particles of different sizes. 
The nature of the distribution is not markedly dependent on the method 
of dissolving the specimen. Addition of bivalent salts such as calcium 
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chloride has very little effect; and this is also true of complexing 
agents such as versene. It can be concluded that if aggregates exist 
they are not formed by association through ion bridges. The question 
of protein is a more difficult one. All our specimens contain protein, 
which is not removed by repeated treatment with detergent. It could 
well be that this protein holds the DNA in particular configurations. 
It will be of considerable interest to discover the nature and mode of 
binding of this residual protein. DNA from T, bacteriophage pre- 
pared by Dr. Loveless of the Chester Beatty Research Institute (Fig. 
3) has also been examined. It shows a fairly wide range of sedimenta- 
tion coefficients, though not so wide as that from beef thymus DNA. 


{e) 


fe) 
Wn 


FRACTION OF TOTAL CONCENTRATION 





Fic. 3. Sedimentation characteristics of three preparations of T2 phage DNA 
(unbroken lines) and beef thymus nucleoprotein (TNA 23) (dotted line). 


Finally, it may be useful to say something about the action of heat 
on DNA solutions (9). A short period of heating (15 mins.) at 100° C. 
in salt solutions causes a limited decrease of the sedimentation con- 
stant, together with a great decrease of viscosity. It is impossible to 
interpret this except as due to a decrease of molecular weight (to 1/4 
or 1/6 of the original). However, heating in water, especially when 
continued, causes much more extensive degradation, and the average 
sedimentation drops into the region of 4-6.5. The question arises as 
to whether this degradation is due to breaks in the nucleotide chains 
originally present, or whether they are produced by hydrolysis during 
the heating. It is very difficult to detect the minute amounts of chemi- 
cal change which would be sufficient to be responsible for the decreases 
of molecular weight which are observed. If it is a slow hydrolytic 
process which causes the breaks, there is no reason why it should not 
continue until extensive hydrolysis can be observed. 
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DISCUSSION 


Dr. Atirrey: I would like to point out that concerning nucleo- 
histones, at least as they exist in nuclei, there are linkages which should 
be kept in mind other than those between histone and DNA. To cite 
an instance of that, if you take thymus nuclei and remove all the 
DNA using DNAase, the histone remains in the nucleus bound to 
other proteins. 


Dr. G. Scumupt: I think the only analysis of liver nucleohistone was 
reported in a paper by Luck in one of the recent issues of the Journal 
of Biological Chemistry. If one calculates the number of basic groups, 
one finds an almost exact equivalence to the number of phosphate 
groups in the nucleic acid. This would be perhaps interesting to Dr. 
Crick, because the distances between basic amino acids in the histone 
moiety would certainly be very different from those in protamines. 


Dr. Davipson: I have two comments to make on the nucleohistones. 
From the analysis of thymus material the proportion of basic amino 
acid is only enough to satisfy 85% to 90% of the phosphate groups of 
the nucleic acid, and the sodium content in the isolated material would 
satisfy the remaining phosphate groups. The presence of these free 
phosphate groups is also indicated by dye binding of bases, and the 
suggestion that these groups are free is conceded by other people in 
the field. Of the histones surrounding the nucleic acid, they are not 
homogeneous, but they all contain approximately 25% basic amino 
acids, on molar ratios—in other words, °4 of them are nonbasic resi- 
dues. That means that, if you are going to propose any sort of regular 
structure in order to get such a high proportion of the phosphate groups 
satisfied by the available basic amino acids, then the fit will not 
reasonably go into the narrow groove or the deeper groove on the 
nucleic acid and you would anticipate an increased diameter of the 
nucleohistone. 

Dr. ScHACHMAN: We have been following this tremendous poly- 
dispersity with respect to sedimentation rate which is exhibited by 
most preparations of thymus DNA: and we too have fractionated this 
material by centrifugal methods. We reasoned that it should be pos- 
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sible to decide whether the polydispersity observed in the ultracentri- 
fuge is due to heterogeneity of the molecules with respect to shape or 
molecular weight or whether there is heterogeneity with regard both 
to shape and weight. The way one goes about this is to determine 
whether the material that sediments more closely does so because 
the molecules are more stretched out and therefore experience more 
frictional resistance to movement in a centrifugal field. Solutions of 
molecules which are very elongated will have a higher viscosity than a 
solution containing more compactly coiled macromolecules. The results 
of preliminary experiments performed with Dr. V. Schumaker show 
that the fraction containing the more slowly sedimenting particles is 
not more viscous but, on the contrary, is less viscous than equivalent 
concentrations of the unfractionated materials or the more rapidly 
sedimenting fraction. The bulk of our preliminary evidence indicates 
that we are dealing with polydispersity mainly with regard to molecular 
weight, although it isn’t clear that the difference in viscosity between 
a leading and trailing material can be accounted for solely by differ- 
ences in molecular weight. It seems likely that variations in shape 
from particle to particle have to be considered as well. The next part 
of my comments, I think, ought to deal with the DNA isolated from 
phage, about which we shall hear more tomorrow. Dr. S. 8. Cohen has 
obtained a series of DNA preparations from different phages and these 
samples have been examined in the ultracentrifuge by the same tech- 
niques. The results can be summarized by saying that the material by 
and large is more homogeneous than the DNA from calf thymus and, 
more importantly, the phage DNA is much larger. It is not only more 
rapidly sedimenting, but is also more viscous and its dependence of 
viscosity on shear gradient is also greater than that observed for 
thymus DNA. The molecular weights calculated from these data turn 
out to be in the neighborhood of 25 x 10° as contrasted with onlv 
6 or 7 10° for thymus DNA. When you get to thinking ‘about 
molecular weights of such polydisperse material I think it is fair to 
say that the molecular weight distribution is more important than just 
some average molecular weight. In fact, with this high degree of 
polydispersity it seems as if even the average molecular weight deduced 
from light-scattering studies will require further revision, and it seems 
fair to summarize by stating that we do not know the molecular weight 
of DNA at all. The importance of knowledge of the molecular weight 
of DNA is perhaps the subject of another discussion, but I wanted only 
to emphasize our ignorance even in this area. 
. Before I sit down I would like to make a few comments about the 
remarks of Dr. Crick on the subject of interruptions in DNA. Dekker 
and I pointed out some time ago that we should be able to obtain 
information of relevance to the two-strand model proposed by Watson 
and Crick by a detailed examination of the kinetics of degradation 
of DNA by the enzyme, deoxyribonuclease. Upon reviewing the 
literature we found that the one thing that stood out in apparent con- 
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tradiction to the model was the end-group analysis about which we 
have already had some discussion with regard to RNA. The end-group 
analysis for DNA is much worse than it is for RNA, and the only 
decent end-group analysis at that time appeared to be the results of 
titration studies which were interpreted as indicating a group dissociat- 
ing with the apparent constant of a secondary phosphoryl group—i.e., 
originating from monoesterified and therefore terminal phosphate 
groups. At that time those people who performed the titration studies 
concluded that there was one such terminal phosphate group for every 
30 to 50 nucleotides. If this were the case, then obviously the two- 
strand model would require some modification. The modification pro- 
posed at the time involved the addition of short branches to the back- 
bone structure. This seemed unappealing to us for the reasons that 
Dr. Smith already mentioned concerning the instability of triesterified 
phosphate groups. So we proposed just making some cuts in the two- 
strand model in order to explain the data. We looked around to see if 
there was any other pertinent information on this subject and focussed 
our attention on the reported heat degradation of DNA and the making 
of apurinic acid. Accordingly we did some heating experiments, and 
from a combination of ultracentrifugal and viscosimetric data concluded 
that DNA was broken down by heating for fifteen minutes at 100° C. 
and pH 7.5. It seems unlikely to us that phosphodiester bonds are being 
broken during this treatment, but “unlikely” is far from “certain.” 
We therefore did some experiments to detect the hydrogen ions which 
would have been liberated had there been hydrolysis of phosphodiester 
bonds, and we were unable to detect such hydrogen ions. This does 
not mean, however, that there was no hydrolysis. We did all our 
heating experiments, by design, in the absence of salt or at low ionic 
strengths even though DNA at such low ionic strengths loses its 
biological activity. The reason for this, of course, was that we wanted 
electrostatic repulsion to be manifested so that the individual pieces 
would come apart if, indeed, DNA is made up of smaller molecules held 
together by secondary forces. The heating experiments, I think, are 
satisfactory, but I for one am in no better position than I was a year 
ago to conclude that these experiments can be interpreted to mean that 
there are breaks or interruptions in the backbone structure of DNA. 
The next part of our studies has been directed toward finding out 
whether the enzyme kinetics give any information regarding interrup- 
tions. Let us now forget interruptions and deal with the enzyme kinetics 
briefly. First, we have to tell DNAase how to act. We have no 
objection to doing this but we must always bear in mind that we 
really do not know whether the enzyme follows our instructions. In 
any case we work on the assumptions that DNAase breaks only a 
single bond at a time and that the enzyme acts completely at random. 
Schumaker has shown that appropriate treatment of the data can 
lead directly to a determination of the number of strands. This fol- 
lows because a single enzymatic splitting of a phosphodiester bond 
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is 100% effective in creating a fission in a single-strand molecule. In 
contrast, if we have a two-strand structure, at least two attacks by 
the enzyme are needed, and they must be combined in a certain 
fashion, to cause splitting of the macromolecule. From measurements 
of the change in viscosity of a DNA solution as a function of the 
number of bonds broken by the enzyme we made the necessary caleu- 
lation and came out with the unhappy answer that the macromolecules 
are made of 1.5 strands. In searching for an explanation as to why the 
answer was neither one nor two strands, we find many ways of getting 
out of this dilemma. One of them is to imagine the creation of a little 
flexibility in the macromolecule due to the splitting of a bond in one 
strand, thereby causing the viscosity to drop not by fission but by 
increased flexibility. Another way of explaining this, and the one to 
which we look forward with some enthusiasm, was to consider the 
question whether an interrupted two-strand model would have a 
number somewhere between one and two. If you calculate how many 
interruptions are needed to explain the difference between 2 and 1.5 
we find, and Thomas independently has obtained similar results, that 
there are only a few such breaks necessary to account for the enzyme 
kinetics in terms of a two-strand model. There are still some difficulties 
in interpreting the enzyme kinetics, but, nonetheless, at this moment 
it looks as if this approach indicates that there are not many inter- 
ruptions. If interruptions exist, the only way of demonstrating them 
would be through the use of specific end-group methods. This could 
be done with some phosphomonoesterase which would detect terminal 
phosphate groups. Until we have such a method with adequate con- 
trols to make certain that the enzyme is pure and attacking only known 
types of bonds, I see no way of answering this problem. 


Dr. Monty: Dr. Butler has suggested that protein bridges between 
DNA molecules may be responsible in part for the more rapidly sedi- 
menting fractions of his DNA preparations. In this connection I would 
like to describe briefly the results of some experiments carried out by 
Dr. Dounce and myself during the past few years. Our work has 
been primarily with rat liver, but there are indications that these con- 
siderations are rather generally applicable to animal tissues, at least, 
and perhaps to living systems in general. It is our conclusion that 
DNA does not exist normally as a free chemical compound, but rather 
is combined with protein through some linkage which appears to be 
more than simple ionic or hydrogen bonding. 


The material remaining after the quantitative removal of globulins 
and histones from isolated cell nuclei is what we refer to as deoxyribo- 
nucleoprotein. One might expect this preparation to be contaminated 
by such materials as the constituents of the nuclear membrane. but thus 
far our attempts to detect and remove such possible contaminants have 
been unsuccessful. This nucleoprotein is decidedly different from and 
not to be confused with, the nucleohistones and nucleoprotamines. 


DISCUSSION 547 


The deoxyribonucleoprotein apparently cannot be separated into its 
two components—DNA and protein—without the mediation of mild 
hydrolysis. Heating at 100° C. for seven minutes in the presence of 
dilute acid, dilute alkali, or even at neutrality, causes disruption of 
the molecule to yield free, high-polymer DNA and free protein. The 
bonds uniting the DNA to protein thus appear to be rather labile. The 
molecule can be similarly destroyed, interestingly enough to the geneti- 
cist perhaps, by low doses of ionizing radiation (J. Biophys. Biochem. 
Cytol., 1, 155-160, 1955). Approximately 1000 r of x-rays will cause 
almost complete cleavage of the DNA from the protein, judging by 
our criteria. 

Our measurements of the integrity of the nucleoprotein are based 
upon the elastic properties of its solutions. At concentrations far below 
the levels where the viscosity of the DNA becomes significant, the 
nucleoprotein solutions are firm, elastic gels. DNA, you may remember, 
has a practical limit of solubility at about 0.25%, above which concen- 
trations a stiff, non-fluid gel is obtained. The nucleoprotein gels will 
refuse to flow at concentrations which are only one one-hundredth of 
this value. In very dilute solutions, the elasticity of the nucleoprotein 
is displayed by a tendency to recoil from a swirling motion. The 
solution appears to wind up, and then unwind when the swirling force 
is removed. By measuring the dilution required to destroy this recoil- 
ability, we are able to estimate the destruction of the DNA-protein 
bonds in the radiation-susceptibility experiments. This is not as fine 
a measure of nucleoprotein destruction as we would like to have, but 
it was the most sensitive method available at the time. 

Another point about the hydrolytic destruction of the deoxyribo- 
nucleoprotein, and the most likely reason for the failures to recognize 
its existence in the past, concerns its susceptibility to enzymatic attack. 
There exists within the soluble internal phase of mitochondria an 
enzyme, or a series of enzymes, which will quickly cause the dissocia- 
tion of the nucleoprotein into its constituent molecular sub-species 
(J. Biophys. Biochem. Cytol., 1, 189-153, 1955). This enzyme system 
is most active around pH 6, a very common pH for cytochemical 
investigations. If damage to the mitochondria is incurred during the 
preparation of an homogenate, the enzymes are released, and profound 
degradation of the nucleoprotein can result. The final products of 
this attack are free protein and DNA. ' 

The protein constituents of the deoxyribonucleoprotein appear to 
be the lipoproteins commonly recognized as nuclear constituents, and 
these have been studied in the past by a number of laboratories. There 
are two classes of these proteins, rcognizable by their different solu- 
bility properties, released by the hydrolytic cleavage of the nucleopro- 
tein. Histones do not seem to be involved. 

Since the attachment of DNA to protein is relatively stable at pH 
values around neutrality and at moderate temperatures, it has been 
possible to separate degradation products, produced by the action of 
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enzymes on the nucleoprotein, which appear to contain both amino 
acids (presumably as peptides) and nucleotides (presumably as oligo- 
nucleotides). This was accomplished as follows. Deoxyribonucleo- 
protein was treated successively with crystalline pancreatic trypsin, 
chymotrypsin, and DNAase. The products of this degradation, aiter 
removal of the enzymes, were examined by paper electrophoresis. Bands 
of material were found which did not migrate with the expected mobil- 
ity of free peptides or nucleotides, and which contained both nucleo- 
tides and amino acids, as judged by the ultraviolet absorption spectra 
and tests with the ninhydrin reagent. These zones very probably con- 
tain the “points of attachment” between the DNA and the protein. It 
is hoped that further work with these degradation products will 
ultimately identify the type of bond that is involved. 


I should also like to insert a comment about the isolation of DNA. 
Detergents are commonly used today to aid in obtaining protein-free 
presentations of DNA. In our experience, the dissociation of DNA 
from the lipoproteins by anionic detergents is slow without the hydro- 
lytic assistance of either the mitochondrial enzyme system or heat. 
It is likely that many of these detergent methods depend upon the 
action of these enzymes, rather than on some catalytic power of the 
detergent, to rupture the bonds between protein and DNA. The 
isolation procedures which involve precipitation of protein at an organic 
solvent interface do not release DNA from the nucleoprotein. Sevag 
(J. Biol. Chem., 124, 425-436, 1938) observed that mild hydrolysis in 
bicarbonate solutions would shorten the duration of his procedure, and 
greatly increase the yields of DNA. At any rate, it appears that a 
method for the isolation of DNA must provide for the hydrolytic 
cleavage of the DNA-protein bonds as well as for the subsequent 
precipitation of protein. 

A final comment about the size of the nucleoprotein molecule might 
be of interest. The centrifugation of very dilute solutions of the 
nucleoprotein in strong salt solutions results in the recovery of the 
nucleoprotein as a concentrated gel in the bottom of the tube. This 
may be done, for example, with only 700 g in about 1% hour. This 
very high sedimentation rate would suggest either that we did not have 
a true solution to start with, or that the molecular weight of the 
nucleoprotein is extremely high. Our experiences with these “solu- 
tions” lead us to favor the latter interpretation. One is tempted to 
postulate, then, that DNA exists in nature in a huge macromolecular 
polymer with protein. Such a macromolecule could be of use in explain- 
ing several attributes of the chromosome, as, for example, its “coiled- 


anor ee morphology and the exact retention of gene order along its 
ength. 


Dr. Dounce: I would like to add to Dr. Monty’s comments about 
the destruction of the nucleoprotein by mitochondrial factors. We 
originally doubted (J. Biophys. Biochem. Cytol., 1, 155-160, 1955) that 
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the mitochondrial enzyme system in question could be deoxyribo- 
nuclease, since a rather highly polymerized DNA could still be isolated 
from cell nuclei after the action of these enzymes, and since DNAase 
[ acting at pH 7.0 would not liberate all of the DNA from the 
chromosomal protein, even when used repeatedly in relatively high 
concentrations. We have, however, been forced to revise this conclu- 
sion, as the result of subsequent studies showing that a component, at 
least, of the mitochondrial enzyme system is activated by magnesium, 
that the crystalline DNAase I on isolated nuclei at pH 6.0 closely 
resembles the action of the mitochondrial enzyme system, and that 
the fibrous DNA isolated from nuclei exposed to the mitochondrial 
enzyme system may be somewhat depolymerized. Our results are 
briefly as follows: 

1. The mitochondrial enzyme system, or at least one of its compon- 
ents, requires a divalent metal (we have used magnesium) for activity. 
The enzyme in question cannot, therefore, be DNAase II, but it might 
be DNAase I if other properties were found to be in agreement with 
the known properties of the latter enzyme. 

2. At least 98 per cent of the DNA can be liberated from the 
“residual” protein of the nuclei at pH 6.0 by properly diluted DNAase 
I, yielding on purification a fibrous product essentially free from 
protein, which is not highly depolymerized. At pH 7.0, DNAase I 
will not liberate more than 85 per cent of the DNA of nuclei which 
contain the latter substance in the firmly bound state, even on repeated 
applications of the enzyme, and the DNA that is removed is very 
extensively depolymerized. 

3. Fibrous DNA isolated from nuclei previously exposed to the 
action of the mitochondrial enzyme system is also partially but not 
extensively depolymerized, as was ascertained from a study of its 
viscosity under various conditions, and is very similar to or identical 
with the fibrous DNA isolated from nuclei obtained at pH 4.0 after 
treatment with DNAase I at pH 6.0. 

Thus it now seems very probable that the mitochondrial enzyme 
responsible to an important extent for the detachment of DNA from 
protein of the cell nucleus is DNAase I, although we have not 
excluded the possibility that other enzymes may also be involved. At 
pH 6.0 this enzyme appears to cleave mainly internucleotide bonds 
which are close to the points of attachment of the DNA to the protein, 
leaving short oligonucleotide stubs still attached to the protein. The 
lack of extensive depolymerization of the DNA forces us to conclude 
that internucleotide bonds more distant from the points of attachment 
of the DNA to the protein must be to a considerable extent protected 
against the action of the DNAase, perhaps because of condensation 
of protein on the DNA fibers at pH 6.0. On the other hand, at pH 7.0 
internucleotide bonds close to points of attachment of the DNA to the 
protein seem less sensitive to attack by the enzyme than those which 
are more distant. At pH 7.0 we cannot expect to find a condensation 
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of protein other than histone on the DNA fibers, and histone itself 
for some reason does not appear to complex strongly with the DNA 
except possibly in physiological saline. This situation may explain 
the apparent increase in exposure to DNAase I of internucleotide 
bonds distant from points of attachment of protein to DNA, that seems 
to occur when the pH is raised from 6.0 to 7.0. 

It is more difficult to see why the enzyme should attack internucleo- 
tide bonds close to the points of attachment of DNA to protein more 
readily at pH 6.0 where the chromatin of the nuclei is condensed, than 
at pH 7.0 where the chromatin is in the form of a gel in the case of 
nuclei containing firmly bound DNA. Possibly the gel itself offers 
some steric hindrance to action of the enzyme. 

The idea of a stable attachment of DNA to the residual protein 
of nuclei (or chromosomes) at the present time is slowly gaining 
ground, although many investigators still seem to doubt the validity 
of this concept. Kirby believes that the attachment is through metal 
(Biochem. J., 62, 31, 1956). We have as yet no direct evidence as 
to the type of bond involved, except that, as Dr. Monty has stated, it 
is labile to heat in the presence of dilute acid or alkali, and thus con- 
ceivably could be a phosphoamide bond. It seems clear, however, that 
most of the phosphate groups of the DNA molecule are not involved 
in bond formation of this sort, and we suspect attachment of the DNA 
to protein only at one or both ends of the DNA chain. 


I want to make just one additional comment on the action of deter- 
gents. We have tried to chop the nucleic acid off from the residual 
protein in isolated nuclei by detergent at pH 7 and at room tempera- 
ture, but even though we let the reaction run from 90 to 100 hours, we 
got very poor splitting. However when the pH was lowered a little 
(to about 6.2), the detergent did slowly liberate the DNA. I am 
inclined to think this was due to the action of the detergent itself rather 
than to the DNAase, because DNAase seems to have no activity 
in the presence of the detergent at pH 6.2, although there is some 
activity at pH 7. 


Dr. Dory: As a result of the distributions of sedimentation con- 
stant found by Professors Butler and Schachman, Dr. Simmons and I 
have undertaken a brief study of fractions separated in the bucket 
rotor under identical conditions. This offers a test of whether the 
sedimentation distribution reflects primarily a distribution of molecular 
weights or rather of configurations amongst DNA molecules of essen- 
tially uniform molecular weight. In the former case the intrinsic 
viscosity of the supernatant would have fallen relative to the original 
solution; for the latter case—polydispersity with respect to configura- 
tion—it would have risen. The former turned out to be the case, but 
the effect was not as large as might have been expected. For example 
when only 15% of the DNA remained in the supernatant its intrinsic 
viscosity was only about 25% lower than that of the original DNA. 
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We do not believe this is consistent with the observed sedimentation 
distributions being entirely due to molecular weight polydispersity. 
Going back to Dr. Crick’s talk, I might mention that Mr. Zubay in our 
laboratory has isolated a nucleoprotein from thymus which we believe 
for the first time was made up of one DNA molecule plus the attending 
protein. It has a molecular weight of about 18 million and is slightly 
more than half protein. It turns out to have a configuration in solution 
identical with that of the DNA after the protein is removed, and its 
diameter is about double that of ordinary DNA. This is inviting 
material for further work along these lines. 


X-RAY STUDIES ON RNA AND THE 
SYNTHETIC POLYRIBONUCLEOTIDES 


J. D. Warson * 


The Medical Research Council Unit for the Study of the 
Structure of Biological Systems, The Cavendish Laboratory, 
Cambridge, England 


IN THIS ARTICLE, I shall summarize some recent experimental work 
pertaining to the structure of ribonucleic acid (RNA). Much of this 
work has been done by Alexander Rich, partly at the National Insti- 
tutes of Health and partly in collaboration with Francis Crick and 
myself at the Cavendish Laboratory. More recently we have been 
joined by David Davies, working also at the National Institutes 
of Health. 

Two years ago, Rich and I (5) reported the details of x-ray dia- 
grams from oriented RNA fibers and emphasized that our experi- 
mental data were inadequate to allow a serious proposal for the basic 
configuration of the RNA molecule. The striking feature of the RNA 
x-ray diagram was its resemblance to the deoxyribonucleic acid (DNA) 
pattern (3, 6). The poor quality of the diagram, however, precluded 
any decision as to whether the similarity was accidental or whether 
we were dealing again with a two-stranded helical molecule. At that 
time we hoped that preparation of RNA by more gentle techniques 
would result in improved x-ray photographs, but in this respect we 
have been disappointed. It is possible that none of these techniques 
are yet mild enough to prevent denaturation of a “native”? RNA mole- 
cule, but it is also conceivable that RNA exists in a highly ordered 
configuration only when it is combined with protein. We thus began 
to question whether it would be possible to establish the RNA structure 
by x-ray techniques. 

Fortunately, the problem was transformed by the enzymatic syn- 
thesis of polyribonucleotides by Ochoa and his coworkers (4). Soon 
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aiter their discovery, Rich obtained x-ray diffraction photographs 
which immediately provided several very useful facts. Firstly, the 
x-ray diagrams of poly-AU (the co-polymer of adenylic acid and 
uridylic acids) and poly-AGCU (the co-polymer of all four ribonucleo- 
tides) are identical to those obtained from natural RNA. Secondly, 
the diagrams obtained from the pure polymers poly-A (adenylic acid) 
and poly-C (cytidylice acid) show similarities to the RNA diagram. 
Fiber diagrams have not yet been obtained from poly-G (guanylic 
acid) or poly-U (uridylie acid). Moreover, the fiber diagrams of 
poly-A and poly-C give indications of highly ordered structures. Some 
of the reflexions are quite sharp when compared to the diffuse bands 
of the RNA picture. This is a very encouraging result, for it suggests 
that the structures of the pure polymers can be solved by x-ray 
methods. We have therefore concentrated our efforts on these com- 
pounds. Most of our work has been with poly-A, largely because of 
the greater availability of its monomeric precursor. 

In Fig. 1 is shown the diffraction pattern of poly-A fiber prepared 
from material synthesized enzymatically by Drs. R. Markham and 
D. Lipkin. The main feature to observe is the relative absence of 
meridional reflexions. This suggests a helical molecule. Only one 
reflexion appears to be truly meridional (3.75A); and by helical 
diffraction theory (2), this tells us that the fiber axis translation 
between nucleotide residues on a given chain is 3.75A. The repeat 
along the fiber axis is at about 15A. Each chain thus contains approxi- 
mately four nucleotides per fiber axis repeat. The innermost equatorial 
reflexion is at 15.6A, which suggests a crystallographic unit cell with 
approximately that diameter. Unfortunately, we are not yet able to 
index the equatorial reflexions, since the second observed reflexion at 
about 7.8A is most likely a second order of the 15.6A reflexion. We 
thus cannot tell if the crystallographic units are hexagonally (or 
pseudo-hexagonally) close-packed or whether a tetragonal arrange- 
ment is present. In either case, however, the size of the unit cell 
indicates that more than one polynucleotide chain is present. Only 
two-chain or three-chain models need be considered, and three-chain 
models appear most improbable on density grounds. Even if we assume 
the larger hexagonal cell, three chains could only be present if the 
fiber possessed a density around 1.80. This is clearly incompatible 
with the measured density of 1.58. We thus conclude that two chains 


are found in the crystallographic unit cell. 
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Fic. 1. X-ray diffraction photograph of poly-A fiber. CuK a@ radiation. Flat film 
at 2 cm. fiber to film distance. The fiber axis is vertical, and the very strong 
meridional reflexion is at 3.75A. 


The symmetry of the helical diffraction absences restricts the pos- 
sible polynucleotide configurations to two main classes. In the first, 
each chain has approximately a four-fold screw axis and a pitch of 
about 15A. Two such chains are found in each unit cell, and they 
do not coil around each other but lie side by side. In the alternative 
class, the two chains coil around a common axis and are related by a 
parallel diad. Each chain has a pitch of about 30A and the 15A fiber 
axis repeat results from running the chains in the same direction. 
To attempt to distinguish between these two categories, we have con- 
structed a number of specific molecular models and compared their 
predicted x-ray patterns with those actually observed. 

Up till now, we have failed to find a satisfactory model of the first 
type. Though we ean build a variety of models with a four-fold serew 
and a pitch of 15A, their effective diameter tends to be about 104. and 
we have been unable to devise a specific model which directly gives 
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a 15.6A equatorial reflexion. Moreover, in none of our models have 
we found a satisfactory way to form hydrogen bonds involving either 
the amino group of adenine or the free hydroxyl group of ribose. 
We have been able to form satisfactory hydrogen bonds only with 
models that are markedly incompatible with the x-ray diagram. Even 
when we relax the requirement of suitable hydrogen bonding the agree- 
ment with the x-ray data (excluding the 15.6A equatorial) is only fair. 


On the contrary, we have been able to construct an intertwined 
chain model which appears more satisfactory, both from a-priori 
structural grounds and from considerations of the x-ray diffraction 
pattern. In this poly-A model, the sugar-phosphate backbone is on 
the outside of the molecule and the bases point toward the central axis. 
(Alternative models with the backbones in the center are very unlikely 
because of charge repulsions between neighboring phosphate groups.) 
The two chains are related by a parallel diad and two hydrogen bonds 
join together pairs of adenine residues at the same level. The hydrogen 
bonds run from the amino nitrogen in position 10 to the free nitrogen 
in position 7. The hydrogen atoms point almost directly toward the 
acceptor nitrogen atoms, and it is of interest that a similar arrange- 
ment was found by Broomhead (1) in erystals of adenine hydro- 
chloride. Only one of the hydrogen atoms of the amino groups is 
involved in the base pairing, and it is possible that the second hydrogen 
atom will form an additional hydrogen bond to one of the non-esterified 
oxygen atoms in the phosphate group of the opposing chain. Forma- 
tion of this second bond brings the phosphate group relatively close 
to the central axis and gives the molecule an effective radius of 
about 8A. Because the thickness of a purine base (3.4A) is less than 
the longitudinal translation (3.75A), optimal van der Waals contact 
between adjacent bases is achieved by slightly tilting the bases in the 
direction of the pitch of the helix. 

Though this model appears quite promising, we must emphasize 
that our work is still in a preliminary stage. We have not yet made 
a detailed comparison between the predicted and observed x-ray 
intensities. These calculations are now in progress. The preliminary 
results seem encouraging when compared to our more detailed caleula- 
tions of four-fold screw models. We are also preparing various salts 
of poly-A in order to see if the cation influences the x-ray pattern. 
If changes are observed, we may be able to locate the cation and 
provide additional evidence for testing proposed models. 
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It is difficult to comment on RNA until the structure of poly-A is 
established. We will list, however, the reasons why we believe that 
the structures of the two are closely related: (1) Fibers of both poly-A 
and RNA are negatively birefringent. This fact suggests an approxi- 
mately perpendicular arrangement of the bases with respect to the 
fiber axis. Likewise, both diffraction patterns show strong meridional 
(near?) reflexions in the 3A-4A region. This again indicates a per- 
pendicular orientation of the bases. (2)Both diffraction photographs 
show systematic absences on the meridian. These absences are in the 
same regions and suggest a similar helical arrangement. (3) The first 
obvious layer in both poly-A and RNA is at about 154. On both 
patterns we find a prominent non-meridional reflexion about 45° from 
the meridian. (4) Both photographs show a strong reflexion on or 
near the equator in the 5A region. This is the strongest reflexion from 
a dry RNA fiber, while in poly-A, its strength is second only to the 
very strong 3.75A meridional reflexion. The only striking difference 
between the two patterns is that RNA has two strong meridional 
(near?) reflexions (3.3A and 3.8A) whereas poly-A gives only one 
3.75A reflexion. Here it is of interest that the strongest reflexions in 
the poly-C diagram are a 3.3A meridional reflexion (or near meridi- 
onal) and a 5A equatorial (or near equatorial) reflexion (Rich, unpub.). 

Thus if the structure of poly-A is a two-stranded hydrogen-bonded 
helix, it seems most likely that RNA will also be a two-stranded 
intertwined helix. We do not see, however, how such a structure could 
form regular hydrogen bonds. Not only do the purines and pyrimi- 
dines have different sizes, but in addition we must postulate a corre- 
spondence in sequence between opposing chains. It is thus possible 
that the RNA structure is very irregular and that the observed con- 
figuration results largely from the tendency of the backbone to assume 
a configuration similar to that of DNA. Such questions seem best 
deferred until the structures of the pure polymers are better understood. 
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INTRODUCTION 


Most oF our detailed knowledge about the configuration of biologically 
important macromolecules comes from x-ray diffraction studies. Using 
this method, it has been possible to obtain remarkably precise infor- 
mation about deoxyribose nucleic acid (DNA), which is of fundamental 
importance in understanding the chemical basis of heredity. 

A basic understanding of molecular mechanisms in heredity requires 
a knowledge of the molecular configuration of ribose nucleic acid 
(RNA) in addition to that of DNA. Not only is RNA important in 
protein synthetic reactions, but it also acts as a carrier of genetic 
information in the plant and smaller animal viruses. 

However, in marked contrast to DNA, knowledge about the molec- 
ular configuration of RNA is rudimentary. Successful x-ray diffrac- 
tion studies require oriented molecules, either in crystals or in fibers. 
It has been impossible to obtain well-oriented RNA specimens which 
produce sharply defined diffraction photographs. Thus, the prospects 
for solving its structure directly have not been promising. 

However, the recent synthesis of polyribonucleotides by Ochoa and 
his collaborators (3) has radically altered the pace of structural 
studies. These molecules have the same nucleotide units and covalent 
backbone as those found in native RNA. They act as substrates for 
a variety of enzymes which act on RNA itself. Thus it is apparent 
that these molecules might have molecular configurations similar to 
that of RNA, and could act as model substances for studying RNA. 
With these polymers, it became possible to control the composition as 
well as the chain length of the constituent molecules. This has led in 
many cases to well-oriented x-ray diffraction photographs. Some of 
the results obtained by studying them will be described here. 
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PoLYADENYLIC Acip (A) 


Polyadenylic acid can be polymerized to form viscous, high molec- 
ular weight material. From concentrated solutions it is possible to 
pull glassy birefringent fibers (An — -0.08) which are brittle and 
produce an oriented x-ray diffraction pattern. Some features of this 
pattern are similar to those found in an oriented RNA diffraction pat- 
tern, and this suggests that their structures may not be entirely dis- 
similar. The structure of polyadenylic acid has not been fully worked 
out yet. The status of the problem has been described in more detail 
by J. D. Watson in this symposium. 


PotyuripyLic Acip (U) 


Polyuridylic acid can be pulled into fibers which are not. bire- 
fringent. These produce an amorphous diffraction pattern indicating 
that there is virtually no repetitive structural organization in these 
molecules. 


Poty AU 


It is possible to make mixed polymers by adding two or more 
nucleotide diphosphates to the reaction mixture. If both adenosine 
diphosphate and uridine diphosphate are added, an AU polymer is 
formed. It has been demonstrated by enzymatic digestion (3) that 
this is not a block copolymer but is rather an intimate mixture of A 
and U residues. From a viscous solution it is possible to pull fibers 
which are negatively birefringent (An — —0.06) and these yield an 
x-ray diffraction pattern similar in all details to that yielded by a 
variety of native RNA’s (4, 7). Although these patterns are better 
oriented than those produced by RNA, they are still not of a sufficiently 
high quality to make possible a direct structural interpretation. None- 
theless, it is significant that both patterns are identical, since it dem- 
onstrates that the synthetic polymers can assume a configuration 
identical to that of the native molecule. This tends to confirm the 
chemical work carried out on the covalent polymer backbone and 
underlines the importance of carrying out structural studies on the 
synthetic polyribonucleotides, 

It should be noted here that a polymer composed of all the four 
nucleotides found in native RNA produces the same diffraction pattern 
as that produced by AU and by native RNA (4). 
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Poty A + Pony U 

Of great genetic interest is the reaction between polyadenylic acid 
and polyuridylic acid: when these two substances are mixed in solu- 
tion, they spontaneously form a two-stranded helical molecule which 
is similar in many respects to DNA! 

Warner (8) first reported a drop in optical density when these two 
compounds were mixed. In experiments carried out with Dr. D. R. 
Davies (5), we mixed these materials together and observed a very 
rapid increase in viscosity. It was then possible to draw very long, 
tough fibers which were strongly negatively birefringent, (An = 
—0.10). If these fibers are stretched, they neck down and start to 
lose their birefringence. By vigorous stretching it is possible to change 
the sign of the birefringence to positive. This phenomenon has been 
observed with both DNA and RNA (6, 10). 

These fibers produce a well-oriented x-ray diffraction pattern (Fig. 
1), with a distribution of intensity which is characteristically helical. 
The equator of this diffraction photograph shows that the molecules 





Fic. 1. X-ray diffraction pattern of mixed polyadenylic acid and polyuridylic 
acid (A + U) at 90% relative humidity. The fiber was tipped slightly from the 
vertical to show the splitting of the higher layer lines. 
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are packed together in hexagonal array, with a separation which varies 
as a function of humidity. Fig. 2 shows how the distance between 
molecules varies with relative humidity. The data for DNA (1) are 
plotted on the same graph for comparative purposes. From the layer 
line spacing it can be shown that the helical pitch of the molecule also 
changes with humidity, varying from approximately 32 A at low 
relative humidity to over 36 A near 100 per cent humidity (Fig. 3). 
The strong near-meridional reflexions in the range 3.0-4.2 A (Fig. 1) 
show that the number of residues per turn is approximately ten. 
Thus, this diffraction pattern is very similar to that produced by 
DNA (2, 11). However, a major difference can be seen in the first 
layer line, which is very strong in this molecule but quite weak in DNA. 
We have interpreted these photographs as follows. The adenine and 
uracil residues make two hydrogen bonds with each other, as has been 
postulated for the adenine and thymine residues of DNA (9). These 
base pairs are stacked helically above each other roughly perpendicular 
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Fic. 3. The data indicate that the helical pitch of A + U varies with relative 
humidity. Despite this change, the number of base pairs per turn of the helix 
remains approximately constant over this range. 


to the fiber axis. The strong first layer line indicates that the two 
ribose phosphate backbones have a smaller angular separation when 
viewed from the helical axis than is seen in the DNA molecule. 

This can be explained most simply by assuming that the backbone 
chains have a parallel orientation instead of the anti-parallel orienta- 
tion postulated for DNA (9). Reversal of one chain relative to DNA 
brings the two backbones closer together and would produce a strong 
first layer line on the diffraction photograph. In this configuration, 
it is possible to form an additional hydrogen bond between the two 
chains, from the hydroxy] group on ribose carbon 2 to the oxygen of 
the phosphate group on the opposite chain. This additional stabiliza- 
tion may account for the fact that A + U does not tip its bases sharply 
and crystallize as does DNA at low humidities (Fig. 2). 
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It is possible, however, to make an alternative interpretation of the 
diffraction photograph by assuming that the backbone chains are anti- 
parallel but that the molecule has a larger diameter than DNA. It is 
anticipated that further studies of the Fourier transforms of these two 
possible structures will permit us to distinguish between them. 

The over-all similarity between the diffraction pattern produced by 
this synthetic molecule and that produced by DNA resolves one of the 
long-standing questions concerning the configuration which a ribo- 
nucleic acid backbone may adopt. Despite an earlier suggestion to the 
contrary (9), the additional hydroxyl group in the ribose residue does 
not prevent the backbone from assuming a configuration similar to 
that seen in DNA. It is therefore possible that the underlying mecha- 
nism for molecular duplication of RNA is identical to that which 
oceurs with DNA. Further work on the intracellular configurations of 
RNA will be necessary before this suggestion can be fully evaluated. 

Many of the problems which arise in understanding the molecular 
duplication of DNA are concerned with the energetics and the mecha- 
nism for separating the two polynucleotide chains. A very useful model 
system for studying such interactions is the combination of poly- 
adenylic and polyuridylie acids, since it forms a similar helical molecule 
utilizing specific interactions. 
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DIscussION 


_ Dr. Warner: I would like to make just a few comments on this AU 
interaction in solution. The experiments which I want to mention were 
done with the A polymer and the U polymer, each of which had a 
molecular weight in the order of 80.000. The first experiment was 
simply to examine a mixture of these two substances electrophoretically 
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under circumstances in which there is a substantial mobility difference 
between the samples when examined alone. Under these conditions 
we found that the mixed sample migrated as a single peak with an 
electrophoretic homogeneity approximately the same as the separated 
samples but with an intermediate mobility. On finding that, we next 
did the same kind of experiment with centrifugation. Whereas at 
concentrations of around 4% each of these had a sedimentation con- 
stant of around 214, when A and U are mixed the sedimentation 
constant rises to approximately 6 with no trace of the slower sedi- 
menting material. Then we also examined the ultraviolet absorption, 
and I might just indicate what these curves look like. I think it’s well 
known to all of you that, if one observes the nucleic acid at its maxi- 
mum absorption and then compares the absorption with that of its com- 
ponent nucleotides obtained by hydrolysis of this sample, the absorp- 
tion maximum of the mononucleotide curve is considerably higher than 
that of the nucleic acid. This has been known as the hyperchromic 
effect. The nucleic acid peak varies anywhere from 60% to 90% of that 
of the mononucleotide level. This same difference is shown by the A 
polymer by itself. The A polymer has an absorption of about 70% of 
that of the adenylic acid. The U polymer doesn’t show it at all, which 
is a matter of some interest but not quite related to this problem. We 
did a mixture experiment of the same kind as before. This can be repre- 
sented by 3 curves: a curve for the mixture of the A and U nucleotides, 
which has the highest absorption maximum; a curve representing the 
summation of maximum for the A polymer and the U polymer taken 
separately, lower than the first; and, finally, the observed curve for the 
mixed A and U polymers, actually found to be lower than the predicted 
one. The total drop is about half the nucleotide level, or somewhat 
greater than is observed in any naturally occurring nucleic acid; so 
there is evidence here for a strong interaction in solution, which is obvi- 
ously similar to the kind which Dr. Rich is describing in fibers. I would 
say that this kind of interaction is obviously at the base of the differ- 
ence between the molecular weight as calculated from end-group 
analysis and physical analysis as was discussed a little while ago. We 
might look at the properties of the A polymer, since Dr. Rich has sug- 
gested that this may also be in the form of a double-stranded helix in 
the oriented fiber. If the interaction resulting in such a helix persisted 
in solution, we might expect to find a weight average molecular weight 
of about twice the value predicted by end-group analysis. However, 
since all of the polynucleotides show a distribution of size, the avail- 
able data are not good enough to decide this point. The number average 
molecular weight as determined by Dr. Smith for one sample by end- 
group analysis is around 80,000. Our own sedimentation work doesn’t 
go to low enough concentrations to really answer this question, but 
Dr. Doty has examined this same sample by light scattering and found 
a value of around 140,000 for the weight average molecular weight. 
Although this is in the neighborhood of twice the value that Dr. Smith 
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obtained, I do not think this is evidence for this kind of association in 
solution because the material is sufficiently heterogeneous, so that a 
ratio of weight average to number average molecular weight of 2 might 
be expected without association. While the existence of a hyperchromic 
effect for the A polymer by itself indicates base interaction, it may be 
presumed that this is on an intramolecular basis. 

Dr. FranKiin: I want to say a few words about RNA in tobacco 
mosaic virus, because there have been quite a number of references to 
a nucleic acid core in TMV whereas our x-ray diffraction studies show 
clearly that the RNA is not, in fact, in the center of the TMV particle. 
This emerges in about 6 different ways from the analysis of the x-ray 
diffraction diagrams. I shall describe only one of these ways. 

From measurements of the equatorial x-ray scattering of TMV and 
of a heavy-atom derivative of TMV it is possible to deduce the radial 
density distribution in the virus particle; that is, one can determine 
the mean density at any given distance from the particle axis. This 
was first done by Casper (Nature, 177, 928, 1956) with the aid of a 
lead derivative of TMV, and was repeated by us (Ciba Symp., in 
press) using a mercury derivative. The results show that the intact 
TMV particle is hollow; there is a hole of radius about 20 A along 
the particle axis. Proceeding outwards from the axis, the first density 
peak occurs at a radius of about 25 A, and a much higher peak occurs 
at 40 A. Other peaks occur at larger radii, but none is as strong as the 
40 A radius peak. 

We then made a similar series of measurements on repolymerized 
RNA-free TMV protein provided by Dr. Schramm. The radial density 
distribution which we obtained for this material differed significantly 
from that of intact TMV only in the region of the 40 A peak. The 
40 A peak of TMV was, in fact replaced by a sharp minimum at exactly 
this radius. This can only mean that the RNA—or, more precisely, 
the phosphate-sugar backbone of the RNA molecule—lies at a radial 
distance of about 40 A from the axis in the TMV particle. That is 
the RNA in TMV is deeply embedded in the virus protein, and lies at 
a position approximately half-way between the particle axis and the 
particle surface. 

Ft cae wehintae can be reached independently from. an analysis 
; g on any of six different layer-lines in the x-ray 
diagrams of normal TMV and RNA-free TMV protein. 


IMPORTANCE OF HELICES IN MOLECULES 
OF BIOLOGICAL ORIGIN 


BarBara W. Low 


Harvard Medical School, Boston, Massachusetts 


IN piscussINnG this topic the prime problem is obviously to define 
“importance”; that is, to differentiate between questions concerning 
the existence or the prevalence of helices in molecules of biological 
origin, and questions concerning the biological significance of any 
helices which may occur. This is really the old and fundamental ques- 
tion of the relationship between structure and function. We can say 
something about the prevalence of helices in biologically important 
molecules, but questions concerning their significance can in general 
only be answered by tentative inference and speculation. 

Helical structures have been recognized in keratin (26, 28), collagen 
(8), and DNA (38) as well as in polyglycine (12) and some syn- 
thetic polypeptides (4, 9, 39). [The pleated sheet structures of silk 
fibroin (24) and @-keratin may be regarded as degenerate helices. | 


SomE FEATURES OF POLYPEPTIDE AND POLYNUCLEOTIDE 
HELICAL STRUCTURES 


All the helical structures so far described arise from the application 
of rigid chemical specifications of the kind first described in detail by 
Pauling, Corey, and Branson (27) for polypeptide chain configura- 
tions. The precise dimensions of the monomer unit of the chain must 
first be defined. The nature of the intra- or inter-chain bonding be- 
tween units can then be specified, and the requirement imposed that 
identical chain units should all be structurally equivalent. When iden- 
tical chain elements are arranged so that one common operation serves 
to translate the first unit position into the second and the n‘" into the 
(n+1)‘ the resulting structure is a helix. 

In polypeptide and polynucleotide helices the structures are main- 
tained by the formation of the maximum possible number of strong 
intra- or inter-chain hydrogen bonds. In the units of polypeptide and 
polynucleotide chains we may identify two separate parts: (a) the 
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backbone chain residue; and (b) the side-chain residue R (e.g., CH, 
alanyl) for a protein, and a nucleotide for DNA. 

In the Watson and Crick (38) model for the DNA structure, the 
hydrogen bonds are located between side-chain nucleotide residues, 
and the structure depends on specific ordered and repeating nucleotide 
sequences. In the collagen model (29) the hydrogen bonding is between 
units of the chain residue, but the particular chain configurations are 
dependent upon the stereochemistry of certain specific side-chain 
residues arranged in ordered and repeating sequence. Thus DNA and 
collagen model structures are both completely defined. 

The a helix, the pleated sheet structures, and all the helices of the 
“a” and “‘y” series are essentially backbone chain structures. That is, 
they may be formed with a completely random sequence of naturally 
occurring amino-acid side-chain residues (except prolyl or half- 
cystine). Further, there is a certain flexibility in the wrap-up angle of 
a helices which can markedly affect the spatial relationship between 
side-chain groups spaced several residues apart. Discussions of detailed 
stereochemistry of the “a” and “yy” series of helical structures will be 
found elsewhere (18, 21, 22, 23). 

Studies of the relative stability of different helices have shown that 
the @ helix structure is the most stable backbone-chain configuration 
(13). The effects of specific residue sequences on the stability of the 
backbone-chain configuration can be calculated for hypothetical se- 
quences (19b, 20). As Schellman (37) has shown, uncharged and 
hydrocarbon side-chains will both generally tend to stabilize a stable 
helical configuration. Interactions between charged side-chains may 
disrupt a region of helical array if they enhance the free energy of 
unfolding of the whole chain array. Three well-defined situations 
can be recognized: (1) prolyl residues introduce a stereochemical dis- 
continuity, and cannot be fitted into the smooth sequence of an 
a-helix (22); (2) inter- and intra-chain cystine cross-linkages may 
disrupt a-helix structures; and (3) hypothetical sequences can be 
invoked which could give rise to a more stable local configuration 
than a simple a-helix structure with unbound side-chain groups (19b). 


THE PREVALENCE oF HELICAL STRUCTURES IN THE PROTEINS 
AND IN DNA 


. Drawn-out fibers of DNA are extremely well oriented. X-ray diffrac- 
tion patterns of these fibers indicate that the structure is helical. The 
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Watson-Crick model (38) appears to fit. the experimental data ex- 
tremely well. Unless the fiber orientation is an artifact arising from 
the preparative procedure employed, then most of the native structure 
must have a helical configuration of the type described. 

An analogous situation exists in considering the collagen structure. 
The model structure proposed appears to fit the experimental data 
extremely well. We must conclude therefore that “helices” of this 
kind are a fundamental feature of the collagen structure. A funda- 
mental relationship between the correct model structure and the 
function of collagen must certainly exist. 

The evidence in support of the oa-helix structure in keratin is in 
general diverse and formidable. In order to fit the experimental data 
the primitive a-helices must be distorted into a coiled coil with a pitch 
angle of about 20°. In the model these coiled coils pack together to 
give a rope-like structure with each a-helix a single strand in the 
complete cable. Side-chain interactions or interaction between side- 
chains and the carboxyl or amino groups of the amide residue have 
been suggested as probable causes of the local variation in hydrogen 
bond length which would lead to “coiled coil distortion” O25). An 
alternative explanation given by Crick (10) would relate the system- 
atic distortion of the helices to more economical dovetail packing of 
side-chain residues. Whether the formation of a coiled coil is attributed 
to such systematic steric effects or to more general polar and nonpolar 
side-chain residue interactions, the coiled coil proposed has the advan- 
tage of explaining the observed diffraction effects. 

Although extensive regions of a-helix configuration certainly occur 
in keratin, we have no knowledge of the amino-acid residue sequences 
within these regions, nor any information concerning the relative dis- 
tribution of prolyl or cystine side-chains. 

The chains in a-keratin are held together by eystine disulfide link- 
ages. The a-8 transformation in the k-m-e-f group of fibrous proteins 
is usually considered to take place without -S-S- link breakdown. 
If the interchain cystine linkages are disposed at random, the a-@ 
transformation could not take place without breaking the disulfide 
linkages (3). Indeed, simple steric hindrance effects of neighboring 
side-chains would appear to make the transformation extremely diffi- 
cult, even if the disulfide linkages are located in positions favorable 
to forming the stretched-out (8) configuration. This difficulty can 
be avoided by consigning most of the -S-S- linkages to the non-oriented 
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regions of the peptide chain. Polarized infra-red radiation studies of 
keratin show rather low dichroism (1). They do suggest that keratin 
must contain regions of unknown structure as well as regions where 
the a-helix structure predominates. 


Globular Proteins. 


Detailed structural studies have been made on only a very few 
globular proteins. These proteins, of lower than average molecular 
weight, may not be truly representative of their class. The most 
general study of protein structure is that of Arndt and Riley. The x-ray 
scattering distribution from a large number of globular proteins, 
studied as amorphous powders, can be compared with the interference 
intensity function calculated from the parameters of any well-defined 
chain configuration. Arndt and Riley’s studies using this method show 
that the left-handed (a) helix is the most plausible predominant chain 
configuration in seventeen globular proteins, and that the helical regions 
are associated in some sort of relatively compact array (2, 30, 31). 

Early studies of the vector structures (Patterson series) of hemo- 
globin appeared to support this conclusion. A grossly over-simplified 
picture of a globular protein, as derived at that time, represented it 
as a close-packed array of rod-like cylindrical regions of high electron 
density, in which lengths of polypeptide chain were coiled or folded 
into a regular chain configuration. In considering the agreement. be- 
tween a simple model of this kind and the experimental data for 
hemoglobin, both Bragg, Howells, and Perutz (5) and Crick (11) have 
shown that the model is oversimplified. 

To fit the experimental data, some deviations are necessary from 
this simple structure—that is, chains 25 to 30 A in length with an 
a-helix configuration cannot all be stacked parallel; irregularities must 
occur. Several different kinds of irregularities can be postulated: 
(1) short lengths of chain in an e-helix configuration may be imper- 
fectly aligned so that as a group the coiled chains zigzag about the 
over-all axial direction; (2) short lengths of a-helix may be fol- 
lowed by regions in which the specific local molecular configuration 
is not associated with any regular peptide chain configuration. 

A striking piece of evidence for the existence of regions of regular 
chain configuration in hemoglobin is, of course, the 1.5 A spacing 
observed by Perutz (28). Polarized infra-red radiation studies of 
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some crystalline proteins confirm the hypothesis of oriented regions 
of ordered chain configuration (14, 15). 

Electron density projections have been published recently for the 
two globular proteins hemoglobin (6) and ribonuclease (17). Both 
projections are complex and do not appear to correspond to the incom- 
pletely resolved view of parallel regions of coiled chains, whether seen 
along their length or “end-on.’’ Such a correspondence would, how- 
ever, arise only (1) if the molecular configuration were very simple, 
with intramolecular regions of a-helix all packed parallel to each 
other, and (2) if the intermolecular packing in the crystal structure 
maintained one common chain direction for all the molecules in the 
unit cell. The possibility of non-parallel packing either within or 
between molecules cannot be ruled out. 

In insulin (21) preliminary studies of the peak distribution in the 
vector structure tend to support a simple a-helix model for the molecule 
with parallel intra- and inter-molecular packing of the a-helices. The 
complete two-dimensional structure of insulin has been established by 
Sanger and his associates (7, 32, 33, 34, 35, 36). 

The chemical structure imposes recognized limitations on helical 
models. The -C(g)-S- (half-eystine) residues on the Ag and Ay, 
a-carbon positions are too far removed in space on a simple a-helix 


115 intrachain disulfide 
structure to permit the formation of an A | 


6 


bond. A simple continuous a-helix structure is thus ruled out for the 
A chain of insulin. This limitation does not impose intrinsic restric- 
tions on the configuration of the terminal segments of the A chain. 
Both these two parts of the A chain and the whole of the B chain may 
be in the a-helix configuration without affecting the inter-chain cystine 
linkages. If the specific configuration of the pentapeptide loop is 
irregular, then intrachain hydrogen bonds between peptide CO-NH 
residues cannot be formed. If we ask whether there is any configura- 
tion for this region of the chain which would permit some intrachain 
hydrogen bonding, or whether it is possible to maintain the a-helix 
“ loop, then these 


configuration in at least some part of the A 
6 


problems can be studied using scale atomic models. 
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Several model structures have been proposed for insulin (19a, 20, 

22), all based on the assumption that the a-helix will predominate 
6 
except in a region of the intrachain disulfide bond A | Linderstrgm- 
11 
Lang’s recent study (19a) has led him to conclude that the regions 
of a-helix structure, if they exist, are restricted to the regions of the 
i—— 7 
molecule between interchain disulfide linkages A B. 
20————__19 

There is one technique which has already provided a powerful tool 
in the identification of helical structures in some fibrous proteins. Use 
of the optical diffractometer (16) permits the direct and detailed com- 
parisons of the Fraunhofer diffraction pattern of a given model 
structure with the observed x-ray diffraction patterns. This study of 
optical transforms may be employed at several different levels of 
resolution. It can be employed (a) to establish the molecular shape 
and orientation, (b) to recognize the presence and establish the orien- 
tation of regions of regular polypeptide chain configuration in the 
molecule, and (c) to study the detailed molecular stereochemistry. 

This method is now being used by Dr. P. R. Pinnock in our labora- 
tory in the systematic search for regions of helical structure in insulin. 
It should be possible to establish whether a large part of the insulin 
molecule is in the a-helix configuration and to do this with some cer- 
tainty whether or not the helical regions are all parallel to each other. 
The evidence concerning the existence of a-helices in some globular 
proteins is conflicting. Here, obviously, the prime need is for more 
information. 


SPECULATIONS CONCERNING THE BroLocicaL ImMporTANCE 
oF HeELIcaL StrucTURES 


Speculations in this field are almost inevitably anthropomorphic. 
Some of us expect to find in biological mechanisms efficiency, simplicity, 
and elegance. Others regard the process of evolution more casually, 
and, while agreeing that a particular molecule does perform a certain 
function, would not say that the molecule was built to do this job, 


but rather that it now does the job after multiple evolutionary 
modifications. 
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It may well be that biological mechanisms are the most efficient, 
simple, and elegant possible under the complex conditions in which 
they occur. Unfortunately, we rarely know much about the detailed 
conditions under which biological mechanisms operate. 


DNA. 


The determination of the detailed stereochemistry of the DNA unit of 
structure is a magnificent achievement. Furthermore, unless the func- 
tion of DNA is wholly associated with the rather small disoriented frac- 
tion, then it must derive in some way from the ordered configuration. 

This conclusion does not imply in any way that a single double- 
strand unit of the Watson-Crick model is the prime operator or the 
complete unit template in any or all of the functional processes of 
DNA. Recently, mechanisms have been devised for the transfer of 
information from nucleic acid to protein. Many of these employ one 
single, two-strand helical unit of DNA structure and directly depend 
on its detailed stereochemistry. 

We do not, however, know the size of the functional unit of DNA in 
the chromosomes or viruses. Is it not possible that one double strand 
of a DNA molecule may be only a very small part of the complex 
topography of a single functional unit, which may involve several 
helical units of DNA and perhaps sometimes protein molecules as well? 

The helical structure of the DNA unit is obviously of prime bio- 
logical importance. The precise role of a single structural unit has 
not yet been established. 


Collagen. 

Similar considerations arise in discussions of the collagen structure. 
A fundamental relationship between the correct model structure and 
the function of collagen must certainly exist. The function of collagen 
appears to be the provision of architectural support and some mechani- 
cal flexibility. Here it seems certain that the function of collagen 
depends both on the detailed stereochemistry of a single helical unit 
and on the way in which the units are packed together. Until the 
packing arrangement is known in detail, the separate role of one 
individual helix cannot be described. 


Keratin. 
Although keratin is undoubtedly made up of extensive regions of 
a-helix, the problems involved in attempting to consider their biological 
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importance, are complex. There are several reasons for this: (1) appre- 
ciable regions of non-helical structure may occur in keratin; (2) a 
notable feature of the a-keratin structure is the presence of inter-chain 
disulfide bonds, and when these are broken, the a-helix structure can- 
not be maintained; (3) the a-helix is not a completely defined con- 
figuration, and we do not know with which residue sequences the 
regions of a-helix configuration are associated. a-Helices provide nec- 
essary mechanical stability. The detailed properties of the fibers them- 
selves must be equally dependent upon the way in which the helices 
are joined and packed together. The properties of a woven fabric 
depend both on the fiber used and on the weave. 


Globular Proteins. 


There is some evidence that regions of a-helix configuration may 
exist in a few globular proteins. This has been discussed briefly above 
and in some detail elsewhere (21, 22). We can profitably ask whether 
on chemical grounds we might expect to find a-helices in the globular 
proteins, and if so what role they might be expected to play. 


In globular proteins the stable discrete unit is a single molecule. The 
native state of the globular molecule is related to a specific intra- 
molecular configuration, the loss of which is associated with loss of 
biological specificity. Ordered and disordered regions of chain con- 
figuration are confined within and establish the unique three-dimen- 
sional molecular structure. Globular proteins are almost always shorter 
than the model structure which would be derived if peptide chains of 
average length (calculated from end-group determinations) were each 
coiled into a single cylindrical a-helix structure and then stacked 
together in close-packed array. Reactive sites or groups on a globular 
protein molecule are reactants in certain specific chemical reactions— 
usually when the protein is in aqueous solution. These sites must be 
accessible; they probably have ‘a complex, highly specific, three- 
dimensional structure. 

Most globular proteins are labile structures and become denatured 
when they are attacked by certain reagents or are subject to condi- 
tions under which covalent bonds of the primary chemical structure 
remain, at least initially, unbroken. Prolonged exposure to hydrogen- 
bond-breaking reagents usually results in some irreversible denatura- 
tion. This would appear to Suggest that the molecule is not the most 
thermodynamically stable one. This + ‘asoning may, however, be 
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invalid. After irreversible denaturation of a protein preparation, 
molecular aggregation occurs when the original conditions are restored. 
The molecular aggregates are held together by intermolecular bonds. 

A single molecule which has been wholly or partially “opened up” 
might either (a) refold back into the original native configuration or 
into another configuration, or (b) interact with one or more molecules 
to form an aggregate. The number of ways in which reactions of the 
latter type may occur is probably infinite. The evidence would strongly 
suggest that these reactions predominate. 

The presence of intramolecular disulfide linkage will inhibit the 
degree of “opening-up.” A molecule which contains many disulfide 
linkages might be expected to follow path (a). In general, protein 
molecules which are extensively cross-linked by disulfide groups can 
be renatured more readily than can molecules with few intramolecular 
covalent cross-linkages. 

The significant feature of irreversible denaturation is the finding 
that the native configuration of the single disperse protein molecule is 
not usually lost in favor of another configuration for the single molecule 
alone, but in favor of an aggregate of several molecules. 

This does not mean that after extensive unfolding a single protein 
molecule alone would, necessarily, regain its native configuration. 
It simply emphasizes that many experimental studies of denaturation 
are not capable of resolving this question. 

We do not know whether the configuration of a protein molecule is 
adopted de novo after protein synthesis is completed, or whether 
separate parts of the molecule, synthesized and held on a template 
in some specific configuration, are joined together in situ. It is very 
difficult to draw satisfactory conclusions about the thermodynamic 
stability of proteins. We do know that the stability of the protein 
molecule is adequate for its physiological functions. Apart from special 
features related to the specific role of each individual protein, the 
structures of all globular proteins have two further important prop- 
erties: (a) they are soluble in physiological media, and (b) they do 
not aggregate under physiological conditions. In spite of their widely 
different amino-acid residue composition, the structures of all globular 
proteins satisfy these three prime requirements. 

The e-helix provides the most stable backbone-chain configuration. 
Therefore if regions of o-helix do exist generally in globular proteins, 
we may suppose that they make an important contribution to the 
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over-all molecular stability. In many proteins the principal reactive 
sites appear to be situated at the molecular surface. Under these 
circumstances we may perhaps suppose that those regions of molecule 
not normally accessible to physiological reagents provide stability for 
the molecule as a whole. a-Helices would be excellent for this purpose. 
I should like to speculate that we will find regions of a-helices par- 
ticularly in many of the larger protein molecules and that their archi- 
tectural function will be to stabilize and maintain the special con- 
figuration of the reactive sites. 
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DISCUSSION 


Dr. Harker: I like very much having helices important, but there 
must be a real reason for some things being globular and others being 
fibrous. When things are fibrous it is because a unit repeats, and in 
general when a unit repeats it almost always produces spirals. There 
are not only the alpha helices in proteins and the DNA spirals; there 
are also helices, such as Waugh got in polymers of insulin molecules. 
Now, in globular proteins it’s a very different thing. A globular protein 
develops because of some necessity in a biological system which requires 
it. It is easy to think in terms of helices, because they are obvious in 
some biological systems, but I don’t think this creates any obligation 
on the part of the molecules; these molecules may be built up of units 
in essentially different arrangements. I think there are small mole- 
cules, like insulin and ribonuclease, which cannot be made of systematic 
spirals. They must be very complicated jobs indeed. May it not also 
be that some of the nucleic acids occurring in the more or less globular 
viruses are not built on spirals but are built in some more compli- 
cated way? 


Dr. Ricu: On your last point, I would like to comment on the evi- 
dence concerning the RNA in globular viruses. It’s just like the RNA 
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from other sources, and, although we don’t know its structure, it’s 
probably helical. 

Dr. Harker: You pulled it out into fibers, didn’t you? 

Dr. Ricu: Yes, but I do not believe that the structure is so labile 
that it will change during that operation. 

Dr. Dory: Dr. Yang and I have been using polypeptides prepared by 
Dr. Blout to “calibrate” optical rotation and rotary dispersion in terms 
of the fraction of helical configuration present. This is possible because 
these synthetic polypeptides exist as complete helices in some solvents 
and as randomly coiled chains in others. With this background we 
would interpret the observed rotary behavior of proteins such as insulin 
and serum albumin as resulting from roughly 30% helical configura- 
tion. This appears to be consistent with what Dr. Low has told us. 
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PATHWAYS OF ENZYMATIC SYNTHESIS OF 
NUCLEOTIDES AND POLYNUCLEOTIDES * 


ARTHUR KORNBERG 
Department of Microbiology, 
Washington University School of Medicine, 
St. Louis, Missouri 


Nucleotides are the building blocks of coenzymes and, more perti- 
nent in this symposium, of nucleic acids. How nucleotides are formed 
from simpler molecular units and in turn are assembled into the more 
complex coenzymes and polynucleotides remains a fascinating jigsaw 
puzzle. The solution to this puzzle has been approached by nutritional, 
genetic, and isotopic tracer studies with intact cells. The results of 
such studies have provided interesting phenomena which eventually 
must be explained by any proposed biosynthetic pathways. But by 
themselves these studies have not defined any mechanism and have 
even on occasion presented pieces of other, accessory, puzzles. The 
objective of approaches that will be emphasized here is the isolation 
from cells of separate enzymes, each of which effects a single, chemi- 
cally rational step. These steps taken in order should lead to the total 
synthesis of complex nucleotides. To assume real significance, the 
rates and conditions under which a synthetic pathway operates must 
ultimately be reconciled with the observations made with intact cells. 

The topics to be considered in this report are as follows: 

I. Ribonucleotide synthesis 

A. Ribose phosphates 
B. Purine nucleotides 

* For excellent reviews on this subject which have appeared in recent years, 
references 9, 10, 22, 27, 40, 64, 95, 98, 105, and 111 should be consulted. 

The abbreviations used in this paper are: inorganic pyrophosphate, PP; phos- 
phate, P; inorganic orthophosphate, Pi; 5-phosphoribosylpyrophosphate, PRPP; 
adenosine triphosphate, ATP or ARPPP; adenosine diphosphate, ADP; thymidine 
triphosphate, TTP; thymidine diphosphate, TDP; uridine triphosphate, UTP; 
uridine diphosphate, UDP; guanosine diphosphate, GDP; deoxyribonucleic acid, 
DNA; deoxyribonuclease, DNAase; ribonucleic acid, RNA; diphosphopyridine 
nucleotide, DPN. 
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©. Pyrimidine nucleotides 
D. Nucleoside di- and tri-phosphates 
II. Deoxyribonucleotide synthesis 
A. Deoxyribose phosphates 
B. Deoxynucleosides 
C. Thymidine nucleotides 
D. Deoxynucleoside di- and tri-phosphates 
E. A hypothetical scheme for deoxynucleotide synthesis 
III. Coenzyme synthesis 
IV. Ribonucleic acid synthesis 
VY. Deoxyribonucleic acid synthesis. 


I. RIBONUCLEOTIDE SYNTHESIS 


Because of their importance as coenzymes in electron transport and 
in carbohydrate metabolism, the ribonucleotides (of which adenosine- 
5’-phosphate is an example, Fig. 1) were recognized early and their 
biosynthesis is much better understood than that of deoxyribonucleo- 
tides (of which thymidine-5’-phosphate is an example, Fig. 1).* It is 
for this reason that these two groups of nucleotides are considered 
separately. 

We now know that there are several pathways of nucleotide synthesis 
in nature, and it has also become clear that alternative pathways may 
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exist in a single cell. For simplicity the pathways of nucleotide 
synthesis may be grouped in two categories, (a) de novo or “do-it- 
yourself” pathways, in which the cell requires only ammonia, phos- 
phate, and simple carbon sources (Figs. 2, 3), and (b) salvage path- 
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ways in which some of the component parts, viz., purines, pyrimidines, 
nucleosides, are derived from the soil, the liquid medium, the intestinal 

tract, or from degradative processes within the cell (Fig. 4). 

A. Ribose Phosphates. 

There are three compounds of special interest, ribose-5-phosphate 


and two of its derivatives, ribose-1-phosphate and 5-phosphoribosyl- 
pyrophosphate (PRPP). 
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Ribose-5-phosphate may be formed by an oxidative pathway from 
glucose-6-phosphate via 6-phosphogluconate and ribulose-5-phosphate 
(41) (Fig. 5), by an anaerobic pathway from fructose-6-phosphate 
(96) (Fig. 5), from ribose and ATP by the action of kinases (2a, 17, 
20, 64, 104), or from ribose-1-phosphate by phosphoribomutase action 
(2, 35, 46, 48, 109). 

Of these four possible routes, the two originating from glucose are 
the most commonly used; the relative predominance of the oxidative 
and anaerobic pathways varies among different cells and is directly 
influenced by a variety of factors (27). Direct phosphorylation of 
ribose is of quantitative importance when this sugar is available as 
a substrate or provided by hydrolysis of nucleosides. Nucleosides 
salvaged by phosphorolysis (see below) can yield ribose-5-phosphate 
via ribose-1-phosphate. 


Ribose-1-phosphate is produced by the phosphorolysis of nucleosides 
(23, 46, 49, 50, 88, 89), and as already mentioned is reversibly formed 
from ribose-5-phosphate. No direct origin of ribose-1-phosphate by 
kinase action or from glucose is known. 


Phosphoribosylpyrophosphate is formed by the donation of a pyro- 
phosphate group by ATP to carbon 1 of ribose-5-phosphate through 
the action of a kinase (57, 58, 101), according to the equation: 


ATP + ribose-5-P — PRPP + adenosine-5’-P. 


PRPP is the activated pentose phosphate which reacts with pyrimidines 
and purines to produce nucleotides directly, and combines with gluta- 
mine to form 5-phosphoribosylamine, the ribotide precursor of purine 
nucleotides. The formation of PRPP from ATP and ribose-5-phosphate 
has been observed to be of widespread occurrence. While PRPP can 
be derived by pyrophosphorolysis of nucleotides (reversal of their 
synthesis, see below), such a reaction could lead only to an exchange 
of the nitrogenous bases, but no net synthesis of ribotides. 


B. Purine Nucleotides. 


Thus far there is no evidence for synthesis de novo of free purines 
and, except in what appear to be the less common circumstances, 
purine nucleotides are not made by the salvage pathway. The steps 
of what is then the more universal pathway (de novo pathway, see 
Fig. 2) have been worked out by Buchanan (10, 66, 67, 78, 110, 112) 
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and Greenberg (28, 29, 30) and their colleagues. They have defined a 
series of some ten discrete enzymatic reactions involving the initial 
formation of a simple amino ribotide, then the addition of glycine, 
and then of formate so as to yield formyl glycinamide ribotide. This 
is followed by ring closure yielding the imidazole ribotide. Reaction 
with glutamine, demonstrated to be the enzymatic locus of azaserine 
inhibition (37), leads to an amino imidazole. The addition first of 
carbon dioxide and then of the amino group of aspartate yields amino- 
carboxamide ribotide. The only lacking element of the purine ring, 
earbon 2, is incorporated by a formyl] group transfer followed by ring 
closure, yielding inosinic acid. Of considerable interest from the stand- 
point of comparative biochemistry are the studies of Rabinowitz and 
Barker (90, 91, 92, 93) showing that the degradation of free purines 
by anaerobes isolated from soil follows in remarkably close detail the 
pattern described for purine nucleotide synthesis in higher animals. 
Inosine-5’-phosphate is the key intermediate from which adenosine-d’- 
phosphate (1, 15, 16, 69) and guanosine-5’-phosphate (1, 4, 63, 84) 
are formed. 

The salvage pathway (see Fig. 4) has been observed in artificially 
produced microbial mutants and naturally occurring species of hetero- 
trophic cells, as well as in cells which are also capable of synthesis 
de novo. A common, but I believe erroneous, impression that this is 
the major pathway of nucleotide synthesis stems from the popular use 
of mutants, microbiologic assays, emphasis on fastidious pathogenic 
species and the “sparing” effect of the salvage pathway in cells carry- 
ing out synthesis de novo. The utilization of free purines (see Fig. 4) 
is predominantly by reaction with PRPP to form nucleotides directly 
(51, 59), but they may also be converted to nucleotides via the nucleo- 
sides. The purine nucleosides produced by nucleoside phosphorylase 
or by nucleotidase action may in some instances be converted to 
5’-nucleotides by the action of ATP and specific kinases (12, 31, 61). 
The specificity of the adenosine kinase is noteworthy; only adenosine 
and 2’-aminoadenosine (2, 6-diaminopurine riboside), among a group 
of closely related nucleosides, were substrates for an enzyme studied 
in yeast (61). 

Nucleotide synthesis by phosphatase transfer is of great interest but 
is of doubtful importance, in view of the nonspecificity and high con- 


centration of nucleosides required (8). 
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C. Pyrimidine Nucleotides. 

Unlike the biosynthesis of purine nucleotides, the principal pathway 
of pyrimidine nucleotide formation involves the intermediate forma- 
tion of a free base, orotic acid (see Fig. 3). Orotic acid is synthesized 
from aspartic acid by way of ureidosuccinic and dihydroorotie acids 
(44, 70, 100). It is then converted to orotidine-5’-phosphate by reac- 
tion with PRPP and finally is decarboxylated to yield uridine-5’- 
phosphate (42, 43, 71, 73). The accumulation of orotic acid and 
orotidine by certain Neurospora mutants (82, 83) may be due to a 
relative lack of orotidine-5’-phosphate decarboxylase. Thus, piling up 
of orotidine-5’-phosphate might inhibit utilization of orotic acid, and 
the action of phosphatases on orotidine-5’-phosphate would also lead 
to the accumulation of orotidine. Formation of cytosine nucleotides 
occurs by amination of uridine-5’-triphosphate (68). 

The existence of species of lactobacilli, mutants of Escherichia coli 
and other species which specifically require uracil for growth and fail 
to respond to orotic acid led us to examine the nature of the pyrimidine 
nucleotide-forming systems in these organisms. Dr. Irving Crawford 
was able to show (19) (Table 1) that Lactobacillus bulgaricus, which 
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requires orotic acid (113, 114), has a PRPP-orotie acid pyrophos- 
phorylase like that described for yeast and liver, while L. arabinosus 
during a uracil-requiring phase of its growth has a specific uracil- 
PRPP pyrophosphorylase. L, bifidus and L. leichmanii, which respond 
to either pyrimidine, were found to have both enzymes, Similar results 
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have been recently reported by Canellakis (11). The source of uracil 
for the nutrition of these cells is very likely in the enzymatic hydro- 
lysate of ribonucleic acid furnished by the environment. Whether 
uracil is ever produced by cells is still uncertain. Attempts to dem- 
onstrate its synthesis by a route analogous to that of orotic acid may 
prove successful. 

Another salvage of uracil may be by way of a uridine phos- 
phorylase—found in E. coli (88, 89) and in liver (11, 13)—followed 
by phosphorylation by ATP. A kinase for uridine has been observed 
in yeast extracts (Kornberg, unpub.) and in liver (11). Phosphorolysis 
of cytidine has not yet been convincingly demonstrated (64). 


D. Nucleoside Di- and Tri-phosphates. 


Nucleotides, from a biosynthetic sense, are almost always inert. 
It is the addition of one or two phosphates to bring them to the 
nucleoside di- or tri-phosphate stage that endows them with activity 
as coenzyme and nucleic acid precursors. Several enzymatic reactions 
were known for the phosphorylation of nucleoside diphosphates to the 
triphosphates, but until two years ago there was with one exception 
no enzymatic pathway known for the phosphorylation of a nucleoside 
monophosphate (that is a nucleotide) to the nucleoside diphosphate 
stage. The only known example was adenylate kinase (myokinase) 
(18, 45), which is strictly specific for the adenine nucleotides. There 
were a number of reasons for expecting that some way of forming the 
other nucleoside di- and tri-phosphates existed. A variety of purine 
and pyrimidine nucleoside di- and tri-phosphates had been found to 
occur in natural materials (7, 75, 106) ; uridine triphosphate was known 
to function in the synthesis of the uridine coenzymes (87); and studies 
of coenzyme synthesis created an impression that nucleoside-5’- 
triphosphates would prove to be the precursors of polynucleotides (54). 
Recently, the formation of UTP has been shown to be brought about 
by liver enzyme preparations from uridylate and ATP (57). An 
enzyme was found in yeast (72, 74) which effected a transphosphoryla- 
tion between adenosine, uridine, and guanosine nucleosides: 


Uridine-5’-P + ATP @ UDP + ADP 
Adenosine-5’-P + UTP @ ADP + UDP 
Uridine-5’-P + UTP — 2 UDP 
Guanosine-5’-P + ATP @ GDP + ADP. 
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The mechanisms may be summarized by the general equations, 


Nucleoside-P + nucleoside-PPP = nucleoside-PP + nucleoside-PP 
2 nucleoside-PP = nucleoside-P + nucleoside-PPP 
2 nucleoside-PP = nucleoside-P + nucleoside-PPP. 


Essentially similar conclusions were reached simultaneously in several 
laboratories (38, 85, 108). 


II. D&EoxYRIBONUCLEOTIDE SYNTHESIS 


Knowledge about the formation of deoxyribonucleotides is meager 
compared with what is known about ribonucleotide synthesis. There 
are two principal questions and these derive from the distinguishing 
structural characteristics of the deoxynucleotides. What is the origin 
of the deoxypentose units and how are the methylated pyrimidines 
(thymine and methyleytosine) formed? 


A. Deoxyribose Phosphates. 

Racker discovered an aldolase in Z. coli and in animal tissues which 
condenses, reversibly, glyceraldehyde-3-phosphate and acetaldehyde 
($4). Through the action of a mutase (24, 81) deoxyribose-1-phosphate 
is formed, and may then react with purines or pyrimidines by a nucleo- 
side phosphorylase step (Fig. 6). A limitation of the aldolase reaction 


DEOXYNUCLEOS IDE SYNTHESIS 


HC+o oc OH Ho OPOsMe 
CH; 'OX, cH 
O 


HG=0 . i a BASS 


HCOH  ~ nig 
H,COPO,H, HCOPO,H, and 
Purine or 
Pyrimidine 
» * 
* P 
Deoxynucleoside + Pu or Py Fae Deoxynucleoside 


Fic. 6 
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is the high dissociation constant of acetaldehyde for the enzyme. The 
concentrations of acetaldehyde in cells do not appear to be sufficient 
to provide adequate rates for this reaction, and Racker suggested that 
an aldehyde derivative of purines and pyrimidines may prove to be 
the true precursor. Another and perhaps more likely function for this 
enzyme is the utilization for the energy needs of the cell of deoxyribose- 
5-phosphate derived from deoxynucleosides, 

With the finding of PRPP as the activated pentose phosphate in 
ribonucleotide synthesis, hope was aroused that an analogous pyro- 
phosphoryl! derivative of deoxyribose-5-phosphate would be found to 
occupy a key place in deoxynucleotide synthesis. Such a derivative 
might be expected to be even more unstable than deoxyribose-1-phos- 
phate, and indirect methods were therefore used to find it. For example, 
a kinase reaction of deoxyribose-5-phosphate with ARPP%2P2? should 
lead after brief acid treatment to a liberation of radioactive inorganic 
phosphate; the latter can be readily differentiated from ARPP?2P22 
by its failure to be adsorbed to Norit. 


ARPP??P2? +. deoxyribose-5-P kinase P#"P?-deoxyribose-5-P 
+ 





ys P32p32 1. deoxyribose-5-P 


A deoxyribose-5-P-dependent liberation of P*? from ARPP*®?P%? was 
sought in a number of cell extracts and eventually was found in £. coli. 
However, this reaction proved to be nothing more than the liberation 
of glyceraldehyde-3-phosphate from deoxyribose-5-phosphate by 
Racker’s aldolase and a subsequent rapid exchange of the terminal 
P of ATP with the inorganic phosphate buffer through the action of 
glyceraldehyde-3-phosphate dehydrogenase and 3-phosphoglyceric acid 
kinase. To date, no evidence has appeared for a deoxyribose analog 
ot -PRPP. 


B. Deoxynucleosides. 

A purine deoxynucleoside phosphorylase reaction like that observed 
for the ribonucleosides, and carried out by what may even be the same 
enzyme, was found by Friedkin and Kalckar (21, 24) in liver and by 
Manson and Lampen in thymus and E£. coli (81). Likewise, a phos- 
phorolysis of pyrimidine deoxynucleosides has been observed with liver 
preparations. Both uracil and thymine, but not cytosine, react with 
deoxyribose-1-phosphate to yield the corresponding nucleosides. 
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Another mechanism for forming a wide variety of deoxynucleosides is 
the deoxynucleoside transglycosylase of MacNutt (79). This enzyme, 
found in a number of bacterial species, effects an exchange of free 
purine or pyrimidine bases with those found in a deoxynucleoside 
without the intervention of phosphorolysis or hydrolysis. While no net 
synthesis of nucleoside results, this reaction explains how a number 
of different, and even unnatural, deoxyribosides can satisfy the 
deoxynucleoside growth requirements of certain bacteria. 


C. Thymidine Nucleotide. 

For many years the deoxynucleotides were known only as a result 
of the degradation of DNA by phosphodiesterase action and only 
relatively recently were shown by Carter (14) to be 5’-phosphate 
esters. The observation that thymidine-5’-phosphate may be produced 
from thymidine by the action of ATP and an E. coli enzyme came as 
a result of attempts to determine how thymidine was incorporated into 
DNA (56). The studies of Friedkin (26) had shown thymidine to be 
an effective precursor of DNA thymine in suspensions of chick 
embryonic tissue cells or bone marrow, and Reichard and Estborn 
(99) had demonstrated with intact animals that N1°-labeled thymidine 
and deoxycytidine are utilized for DNA synthesis, 

In our first experiments with C14-thymidine (kindly provided by 
Dr. Morris Friedkin) we found that extracts of E. coli, with added 
ATP, converted thymidine to an acid-insoluble, DNAase-sensitive 
material and also to three distinct acid-soluble nucleotides (Table 2). 
One of these was identified as thymidine-5’-phosphate, and the other 
two, on the basis of their chromatographic behavior, were presumed 
to be thymidine di- and tri-phosphate. The thymidine kinase was 


TABLE 2 


THYMIDINE CONVERSION "TO NvcLeoTiwes AND DNA 











Fraction 0 minutes 60 minutes 
Acid-insoluble (“DNA”) godepr ion 196 
es —DN Aase-treated 
Acid-soluble ial sg > 
Thymidine-5’-P 1,000 17,100 
“TDP” 500 9°500 
dha Me 100 2,300 





Thymidine-C14, 1 umole, 4 X 105 e.p.m. 
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partially purified, but the requirement for an exceptionally high con- 
centration of ATP has thus far prevented a reliable balance study of 
this reaction. Thymidine does have a high affinity for the enzyme and 
so its conversion to thymidine-5’-phosphate can be made essentially 
complete. Deoxyuridine is also phosphorylated by this enzyme prepa- 
ration at a rate about one-third that of thymidine. While thymidine, 
and probably other deoxynucleosides, can be converted to nucleotides 
by this type of kinase action, the main route of deoxynucleotide 
synthesis probably lies elsewhere. As proposed for the ribonucleotides, 
the nucleoside kinase may for the most part represent a salvage 
operation. 

Current studies of Dr. M. Friedkin, presented elsewhere in this 
volume, describe an avenue of thymidine-5’-phosphate synthesis that 
should bring us closer to an important de novo pathway. Deoxyuridine- 
5’-phosphate and serine in the presence of an EH. coli enzyme prepara- 
tion are converted to thymidine-5’-phosphate. The requirement for 
serine may be replaced by hydroxymethyl tetrahydrofolic acid. The 
intimate mechanism of this transfer reaction as well as the biosynthetic 
pathway of deoxyuridine-5’-phosphate synthesis now loom as major 
objectives in these studies. 


D. Deoxynucleoside Di- and Tri-Phosphates. 

Enzymatic formation of the di- and tri-phosphates of deoxyadeno- 
sine and the pyrimidine deoxyribonucleosides has been reported (37a, 
104a), and the occurrence of pyrimidine deoxynucleoside di- and tri- 
phosphates in thymus extracts has also been observed (89a). We have 
found and purified a kinase from £. coli which in the presence of an 
excess of ATP converts thymidylate, deoxycytidylate, deoxyadenylate, 
and deoxyguanylate to the respective nucleoside triphosphates. These 
have been isolated by anion-exchange chromatography and yield 
analyses of base:total P:acid-labile P of 1:3:2. We have presumed 
that the mechanism for their synthesis resembles the one described 
for the ribonucleotide kinase, but this is still a question for study. 
Of great interest is the failure of this enzyme to phosphorylate 
deoxyuridine-5’-phosphate, an observation which may help explain 
why uracil nucleotides are not found in DNA. 


E. Hypothetical Scheme for Deoxynucleotide Synthesis. 
A rather simple scheme is one involving a direct reduction of purine 
and pyrimidine ribonucleotides to the deoxynucleotides (Fig. 7). That 
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HYPOTHETICAL PATHWAY OF DEOXYNUCLEOTIDE SYNTHESIS 
+ 2 H ' : ‘ 
Uridine-5-P ——> deoxyuridine-5'-P —> thymidine-5-P 
NH, NH, 


+2H : ~~ 
Cytidine-5-P ——> deoxycytidine-5-P-—> methyldeoxycytidine-5-P 


1 2H : 
Adenosine-5-P ——> deoxyadenosine-5-P 


Guanosine-5'-P rae de oxyguanosine-5-P 


Fra. 7 


simplicity in a hypothetical biochemical scheme is not necessarily a 
virtue is a lesson we have learned many times over. However, results 
showing ribonucleotides to be effective DNA precursors led Hammar- 
sten et al. (36) some years ago to make the suggestion of a direct 
conversion of the ribo to the deoxy derivatives. The demonstration 
by Rose and Schweigert (103) that C!-randomly-labeled cytidine is 
incorporated as a unit into DNA (with the thymidine and deoxycyti- 
dine each maintaining the same relative C14 distribution between base 
and sugar as the cytidine) and its recent confirmation by Roll et al. 
(102) provide additional support for this suggestion. 

The above-mentioned studies of Dr. Friedkin, which demonstrate 
the enzymatic conversion of deoxyuridine-5’ yolibantiate to thymidine- 
5’-phosphate, are a further indication that the reduction step can 
precede the methylation. Possible pathways for the synthesis of other 
deoxynucleotides considered in Fig. 7 have no experimental basis as 
yet. The findings of Friedkin and Roberts (25) that deoxyuridine is 
a good precursor of DNA thymidine and those of Reichard (97) that 
deoxyuridine is a better DNA precursor than 5- -methyluridine in the 
whole rat also suggest a pathw: ay involving deoxyuridine-5’ -phosphate 
as an intermediate. 


III. CornzymMr SYNTHESIS 


While a consideration of the enzymatic synthesis of coenzymes in 
this symposium may seem to have only a remote relationship to the 
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subject of gene biochemistry, it does represent the origin of my interest 
in nucleic acid biosynthesis and the orientation of much of my think- 
ing and work toward that goal. Aside from this minor personal reason, 
the key reaction in coenzyme biosynthesis, based on the reactivity of 
the 5’-phosphory! nucleoside group of a nucleoside triphosphate (viz., 
ATP, UTP) or of nucleoside diphosphate derivatives (i.e., coenzymes), 
may be instructive with respect to polynucleotide synthesis. 

The synthesis of DPN (52, 53, 60) may be pictured as a nucleophilic 
attack (62) on ATP by nicotinamide mononucleotide (Fig. 8). The 
synthesis of flavin adenine dinucleotide (FAD) (107) and of coenzyme 
A (CoA) (39) may be regarded as quite similar (Fig. 9). Berg’s (5, 6) 


NUCLEOPHILIC ATTACK OF NICOTINAMIDE MONONUCLEOTIDE ON ATP 


0 Q 
Adenosine-O7P ° Che OoRa2On 
HOF OH OH 


Nicotinamide-ribose -O- p- OH 
O 
Fic. 8 


ADENINE NUCLEOTIDE COENZYME SYNTHESIS 
|. ARPPP(ATP) + NRP (nicotinamide mononucleotide) — > ARPPRN(DPN) + PP 


2. ARPPP + FRP(riboflavin-P) == ARPPRF (FAD) + PP 


3. ARPPP + Pontetheine-P —— ARPP-Pantetheine + PP 


late ARPP- Pontetheine (CoA) 
P 


4, ARPPP + RCH,COOH =— ARPOCCH,R + PP 
0 
or or 


RCHNH,COOH ARPOCCHNH2R + PP 
0 


Fic. 9 
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demonstration that the activation of fatty acids and amino acids by 
ATP leads to the formation of adenyl acylates may be formulated as 
another closely related mechanism. What has been described here for 
adenosine nucleotides seems to apply with equal force to the triphos- 
phate coenzyme precursors of the uridine (87), cytidine (47), and 
guanosine (86) nucleotide coenzymes (Fig. 10). 


URIDINE, CYTIDINE, AND GUANOSINE NUCLEOTIDE COENZYME SYNTHESIS 
|. URPPP(UTP) + G-P (glucose-I-P) == URPPG(UDPG) + PP 


2. URPPP + Gal-P(galactose-I-P) === URPPGal + PP 


3. GRPPP(CTP) + Choline-P == = GRPP-Choline + PP 


4. GRPPP (GTP) + MP (mannose -|-P) === GRPPM + PP 
Fic. 10 


On the basis of these reactions, the lengthening of a polynucleotide 
chain by reaction with a nucleoside di- or triphosphate may also be 
regarded as a nucleophilic attack on the 5’-phosphoryl group by the 
oxygen of the alcohol group (at carbon 3) of the pentose (Fig. 11). 
In mechanism A, a polynucleotide chain (or acceptor group) ends as 
a triphosphate and the addition of an ATP molecule to this end leads 
to displacement of inorganic pyrophosphate from the acceptor. (It is 
immaterial at this point whether the reactive component is ADP with 
phosphorolytic reactions or ATP with pyrophosphorolytie reactions. ) 
In mechanism B, ATP adds to the sugar end of the acceptor, with the 
displacement of pyrophosphate from ATP. 


IV. Risonucteic Acip SYNTHESIS 


Our studies on nucleotide and coenzyme synthesis led to attempts 
to convert ribonucleoside triphosphate to polyribonucleotides. Dr. U. Z. 
Littauer and I (76, 77) were able to show that extracts from E. coli 
converted C14-adenine-labeled ATP to an acid-insoluble nucleotide 
and that the addition of adenylate kinase increased the rate of the 
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reaction. The important discovery made at this time by Ochoa and 
coworkers (32-34) that nucleoside diphosphates are polymerized by an 
enzyme from Azotobacter vinelandii made it clear that in our #. coli 
system ADP rather than ATP was the reactive component. 

The enzyme was purified from extracts of £. coli prepared by sonic 
disruption of the cells. As seen in Table 3, a considerable purification 
was achieved, and as judged by ultraviolet absorption very little, if 
any, nucleic acid remained. 

The product of the ADP reaction is insoluble at pH 3.5, forming a 
transparent, gel-like precipitate which dissolves at neutral pH to give 
a highly viscous solution from which fine threads can be drawn. The 
ultraviolet absorption spectrum shows A280/A260 and A250/260 values 
of 0.32 and 0.93, respectively, as compared with near normal values 
of 0.14 and 0.84 after alkaline hydrolysis. The product from ADP is 
resistant to RNAase action. 

A balance study of the reaction (Table 4) indicated that ADP, and 
also UDP and CDP, were polymerized with a concomitant liberation 
of inorganic orthophosphate. For reasons that are still obseure, GDP 
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TABLE 3 


PURIFICATION OF RIBOPOLYNUCLEOTIDE-SYNTHESIZING ENZYME 














Specific 
activity 
Units Total Protein units/mg. 
Step per ml. * units mg./ml. protein 1280/2260 
1. 10-min. sonicate Ld 670 10.9 0.1 0.55 
2. Sonicate of residue 3.0 1860 6.90 0.5 0.62 
3. Protamine eluate 9.8 1960 0.88 11.2 1.75 
4. Ethanol I 13.1 870 0.76 17.3 1.75 
5. Ethanol IT 4.8 320 0.17 28.4 1.75 





* The incubation mixture (0.25 ml.) contained 0.05 ml. of glycylglycine buffer 
(1 M, pH 7.4), 0.02 ml. of ADP (0.04 M), 0.02 ml. of ADP (0.0023 M, 8-C14, 
7.8 X 105 c.p.m. per umole), 0.01 ml. of MgCls (0.1 M), and less than 03 unit 
of enzyme. After incubation at 37° C. for 10 min., 0.25 ml. of 7% perchloric acid 
was added; with the purified enzyme fractions a “carrier” of 0.03 ml. of 10-minute 
sonicate was also added. The precipitate was centrifuged, washed twice with 1-ml. 
portions of 1% perchloric acid, once with 1 ml. of 0.01 N HCl, dissolved in 0.40 ml. 
of dilute KOH, and assayed for radioactivity. 


is inert in the purified enzyme system. Similar results have been 
reported by Beers (3) with an enzyme from Micrococcus lysodeikticus. 

The reaction is readily reversed by inorganic phosphate (Table 5). 
In view of this evidence, the reaction may be formulated by the 
equation: 


n nucleoside-PP — (nucleoside-P),, +nP, 


and thus is an example of the reaction described by Grunberg-Manago 
and Ochoa for the enzyme from A. vinelandii. As in their studies, we 
observed an exchange of inorganic P32 with ADP in the presence of 
the enzyme. However, the ratio of ADP incorporation activity to 
ADP-orthophosphate exchange activity was more than four-fold 
greater in the purified fraction than in a crude sonicate. By the addi- 
tion of an early fraction, which by itself was devoid of activity, the 
P*?-ADP exchange could be increased by about four-fold (Table 6); 
the rate of ADP incorporation was not affected. This “activator” is 
nondialyzable, heat-stable, and resistant to RNAase and DNAase. 
The nature of this material and how it modifies the kineties of the 
reaction are still unknown. Of interest too, in view of the known sus- 
ceptibility of polyuridylate to ribonuclease, is the failure of this enzyme 
to influence the P?2-UDP exchange. It is clear that much remains to 
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TABLE 5 


POLYADEN YLATE BREAKDOWN 











Phosphate Polymer 
concentration breakdown 
i LO % of original 
* 0.64 (0 min.) 0 
* 0.64 (60 min.) 14 
4.40 i 29 
19.0 4 96 
38.0 < 99 





* Present in the reaction mixture without added phosphate. 


TABLE 6 


P32-ADP ExcHance ComMpareD To PoLtyMER FoRMATION 








Enzyme fraction Ratio of ADP incorporation to Activation ratio 
P; exchange P; exchange column 1/column 2 
without with 
activator activator 
10-min. sonicate On5 O15 1.0 
Sonicate of residue Tel al 1.0 
Protamine eluate 3.0 1.4 rach 
Ethanol I 230 0.9 2:5 
Ethanol IT TAS 0.6 3.8 








be learned about the intimate mechanism of the component events 
in the polymerization reaction. 

Since the polyribonucleotide phosphorylases thus far described assem- 
ble long polymers of a single nucleotide and assemble mixed nucleo- 
tides in an apparently indiscriminate way, one of the most important 
questions still confronting us is the problem of how a cell synthesizes 
a specific RNA. Unfortunately, the separation and characterization 
of ribonucleic acids is still at an early stage and little more ean be 
said than that several RNA-rich fractions possess biological activity 
and that there are suggestive analytical differences between RNA’s 
from different cells (80). The plant viruses and certain animal viruses 
which are considered to be ribonucleoproteins represent immediate 
objectives for determination of the biologie activity of enzymatically 
synthesized polymers. What appears to be another functional RNA 
is the inhibitor of DNAase which is widely distributed and has a 
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remarkable degree of specificity. For example, the DNAase inhibitor 
of #. coli, which almost completely masks DNAase activity in E. coli 
extracts, does not affect the activity of pancreatic DNAase. Assays 
of the DNAase inhibitor activity of the synthetic polymers indicate 
only a slight activity and one which is directed nonspecifically against 
both the #. colt and pancreatic DNAases (77). 


V. DEOXYRIBONUCLEIC ACID SYNTHESIS 


To understand the chemical events in the development of a bacterial 
virus, to define the biochemical reactions in bacterial transformation 
or, in short, to formulate the chemical basis for most genetic pheno- 
mena, a knowledge of the pathways of DNA biosynthesis is essential. 
I should like to turn now to a consideration of our attempts to define 
the steps leading to DNA synthesis. In view of a report of these studies 
at the meeting of the Federated Societies in April (55, 56) and some 
clarifying results since then, I shall present the whole chronologic, and 
at times illogical, development of this story. 

We had observed the conversion by EF. coli extracts of thymidine 
into thymidine nucleotides (see Table 2) and to a substance showing 
the chemical properties commonly attributed to DNA. Fractionation 
of the F. coli extracts led to the separation of a number of enzymes 
which appeared to convert thymidine by successive kinase steps to 
thymidine-5’-phosphate, TTP, and an acid-insoluble nucleic acid frac- 
tion (Fig. 12). From the results shown in Table 7 it appears that, 
even with a crude enzyme preparation, thymidine-5’-P is a more 
favorable substrate than thymidine, and TTP in turn appears to be 


AT * 
Deoxynucleoside 06 xynucleoside- = -P 
(fhymidine) (thymidine-5'-P” ) 


ATP 
Deoxynucleoside- rs p* ——> Reoxynuclagsde: -5'-P *pp 
Ghymidine- -5'-p*) (TTP* ) 


1 : enzyme S 
Deoxynucleoside-5-P PP + ATP + primer 


"DIVA" deoxynucleoside-5'-P™ 
Or tx enzyme P (T) 
CEP) 


Fic. 12. Reaction sequence from thymidine to DNA. 
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TABLE 7 


ReactTIoN Rates witH CruDE AND PurIFIED ENZYME PREPARATIONS 








Substrate Crude Purified ; 
ix mymoles DNA-P;/mg. protein/hr. 
Thymidine 0.2 ‘2 
Thymidine-5’-P 0.5 : 9 
Thymidine-5’-PPP 1.6 97 





The crude enzyme consists of two fractions prepared by fractionation of an 
E. coli extract (obtained by sonic disintegration) with streptomycin: a supernatant 
fraction, S, and a redissolved precipitate, P. In the purified system, the S and P 
enzymes have each been purified more than 100-fold, using TTP as the substrate. 


a more immediate precursor of the product than thymidine-5’-P. 
In an assay with enzyme fractions purified with TTP as substrate, 
thymidine conversion to DNA was not detectable and thymidine-5’-P 
was only about one-tenth as effective a substrate as TTP. 

The TTP (labeled with P#? in the acid-stable phosphate or with C14 
in the thymine) which became acid-insoluble was shown to be part of 
a DNA or closely related molecule (Table 8). Treatment of the 


TABLE 8 


CHARACTERISTICS OF THE PRoDUCT 








Product ¢.p.m. 
Acid-insoluble product 274 
DN Aase-treated 13 
RN Aase-treated 240 
NaOH (1 N), 18 hours at 37° C. 214 
Perchloric acid (0.01 N), 5 min. at 100° C. 232 
Perchlorie acid (0.04 N), 5 min. at 100° C. 82 





product with erystalline pancreatic DNAase rendered essentially all 
of the radioactivity acid-soluble, while treatment with RNAase, strong 
alkali, or dilute acid had little or no effect. Exposure to somewhat 
stronger acid led to a solubilization of the radioactive material, with 
an approximately parallel release of ultraviolet-absorbing material 
from the precipitate. 

The nature of the polymerization reaction remains the subject. of 
greatest interest to us. As shown in Table 9, the conversion of Je 
to “DNA” required ATP, a heat-stable DNA-containing fraction, at 
present regarded as a “primer,” and two enzyme fractions (called 
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TABLE 9 
REQUIREMENTS OF THE PurIFIED System 


Extracts of EF. coli B prepared by sonic disintegration were treated with strepto- 
mycin to yield a precipitate (fraction SP) and a supernatant fluid (fraction SS). 
Ammonium sulfate, gel, and acid fractionation procedures applied to fractions SP 
and SS yielded fractions P and §, respectively. E. coli DNA was prepared by 
heating fraction SP (optical density at 260 mu = 15) at 70° C. for 10 minutes. To 
produce “primer,” 0.1 ml. of E. coli DNA was combined with 40 ug. of fraction SP; 
after 1 hour of 37° C. in the presence of 5 X 10—3 M MegClo, the mixture was 
heated for 10 minutes at 80° C. The complete system contained (in 0.3 ml.) 0.014 
zmole of TTP (1.5 X 106 c.p.m./umole), 0.1 umole of ATP, 0.10 ml. of “primer,” 
10 ug. of fraction S, 1 wg. of fraction P, 1 umole of MgCls, and 20 umoles of glycine 
buffer, pH 9.2. After incubation for 30 minutes at 37° C., 0.05 ml. of crude E. coli 
extract (“carrier”) and 0.3 ml. of 7 per cent perchloric acid were added. The 
precipitate was washed and its radioactivity was measured. 








mymoles DNA-P;/hr. 








Complete system 1.48 
No ATP 0.20 
No “primer” a 
No enzyme fraction S 0.07 
No enzyme fraction P 0.04 











S and P), each of which has been purified more than 100-fold. At this 
time studies with TDP indicated that it could replace TTP and that 
it had the same requirements for its incorporation into DNA. A 
decision as to the more immediate precursor requires further purifica- 
tion of the system. 

To determine whether the other deoxynucleotides found in DNA 
react in a manner similar to thymidine-5’-phosphate, the deoxynucleo- 
side-5’-triphosphates of adenine, guanine, and cytosine were prepared. 
The P#2-labeled deoxynucleoside-5’-phosphates were obtained by 
enzymatic digestion of DNA derived from £. coli grown in a P*?- 
containing medium and then phosphorylated to the triphosphate stage 
by the partially purified kinase. As shown in Table 10, utilization of 
the triphosphates of adenine, guanine, and cytosine deoxynucleotides 
for DNA synthesis occurred at rates approximately equal to those for 
TTP in crude enzyme fractions, but at appreciably slower rates with 
the purified enzymes, purified, that is, for TTP polymerization. 
Mixtures of these triphosphates, each tested at concentrations near 
enzyme saturation, gave additive or superadditive rates of incorpora- 
tion, a result showing a facilitation of polymerization by such mixtures. 
The dependence on “primer” even with a mixture of the four nucleo- 


tides is noteworthy. 


602 THE CHEMICAL BASIS OF HEREDITY 


TABLE 10 
ConVERSION OF Four DeoxyNucLeosipe TRIPHOSPHATES 


The incubation mixtures and assays were as described in Table 9 ran po 
(1) the concentrations of deoxynucleoside triphosphates were 1.5 X algae M, anc 
(2) the crude enzymes were 60 ug of fraction SP and 240 yg of fraction SS. 





Tested with 





‘iphosphate Tested with purified en- 
siaarabieet di crude enzymes zymes (for TTP) 
mumoles DN A-P?2/hr. 
Thymidine (T) 0.8 ge 
Deoxyguanosine (G) 0.6 a 
Deoxycytidine (C) 0.8 a 
Deoxyadenosine (A) 0.6 1.28 
LT +G 2.2 14.6 
T+G+C 4.4 19.6 F 
T+G+C+A 6.4 22.0 
T+G+C+4A (no “primer’’) HA 0.28 








* 65 per cent conversion of substrate. 


Our studies during the past few weeks have given us a little more 
insight into the nature of the terminal reaction. We continued to use 
as an assay the incorporation of TTP®? into DNA. Purification of the 
“primer” showed us that it consisted of two components: one has proved 
to be a nondialyzable, DNAase-sensitive substance indistinguishable 
from DNA, and the other is a dialyzable, acid-soluble fraction which 
can be replaced by an exhaustive DNAase-diesterase digest of DNA. 
Chromatography of this digest resolved it into three components, 
coinciding with deoxycytidylic, deoxyadenylic, and deoxy guanylic 
acid-containing fractions, each inactive by itself but active when 
combined. 

These results have led to the demonstration of the absolute need for 
all four deoxynucleoside triphosphates and a considerable simplifiea- 
tion of the enzyme system (Table’ 11). ATP and the enzyme fraction 
S are no longer required and do not influence the reaction. The previous 
requirement for ATP and enzyme fraction S (see Table 9) was pre- 
sumably to provide the deoxynucleoside triphosphates not added to 
the incubation mixture. It is apparent from the data that in the 
absence of ATP and fraction 5, no detectable reaction occurs when any 
one of the triphosphates is omitted. Mg++ and DNA are also essential. 

Preliminary results now indicate a net synthesis of DNA (Table 12). 
In experiment I, the precipitation of DNA was incomplete due to the 
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TABLE 11 


REQUIREMENTS FoR TTP INcoRPORATION INto “DNA” 








mymoles 
Complete system * 0.50 
Omit C,G,A 0.00 
Fae 0.00 
G 0.00 
A. 0.00 
oo Lee 0.00 
“ DNA 0.00 
DNA pretreated with DN Aase 0.00 
Add ATP (100 mumoles) 0.54 
Add ADP (100 mumoles) 0.50 
Add 8 enzyme 0.49 








*5 mumoles of each deoxynucleoside triphosphate (TTP = 1.5 X 106 ¢.p.m./ 
zmole), 1 umole of MgClo, 3ug. of P enzyme, 5ug. of DNA; 30 minutes at 37° C. 
C, G, and A stand for the triphosphates of deoxycytidine, deoxyguanosine, and 
deoxyadenosine, respectively. 


TABLE 12 


Net SyNtTHEsIs or DNA 








Control ** Exptl. A 
myu.moles 
iin. 1 * 
p2 3 104 101 
UV, 37 109 72 
Deoxypentose 42 130 88 
Exp. II 
pe 1.9 18.3 16.2 
UV. 21.4 31.6 10.2 





* DNA precipitation incomplete. 

** Deoxyadenosine triphosphate omitted. 

The P32 value is a measure of deoxynucleotide incorporation into DNA; the 
U.V. value is calculated using the molar absorption coefficient of thymus DNA. 
The reaction mixtures were similar to those in Table 11, but larger in scale and 
incubated for 60 minutes. 


lack of addition of a “carrier” or coprecipitant. In experiment II, the 
addition of albumin resulted in a quantitative precipitation of the 
DNA; extraction with hot perchloric acid eliminated interference by 
albumin with the optical density value at 260 mp. However, the 
ultraviolet absorption values are only approximate because the correct 
absorption coefficient of the product is not known. 

The release of inorganic pyrophosphate during the course of the 
reaction (Table 13) and the inability of thymidine diphosphate to 
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replace thymidine triphosphate (Table 14) point to the triphosphates 
as the immediate precursors of DNA. The reaction does not appear 
readily reversible, as judged by the failure of inorganic pyrophosphate 
at high concentrations (1 < 10~* M) to prevent or markedly inhibit 
the DNA synthesis reaction. 

We know relatively little about this enzyme reaction and the nature 
of the DNA product. We must learn more about methods of sequential 
and end-group analysis of DNA. The overriding question remains: 
How is biologically specific DNA formed? Nevertheless, the relative 
simplicity of the DNA-forming system described now makes a number 
of experiments feasible. The enzymatic synthesis of a bacterial trans- 
forming factor, once regarded beyond experimental reach, has now 
become an immediate objective. 

IN SUMMARY, we have reasonably good evidence that the 5’-nucleo- 
side di- or tri-phosphates are the immediate precursors in the enzymatic 
formation of a nucleic acid polymer. In the case of the ribonucleotides, 
pathways of purine and pyrimidine nucleotide formation are fairly 


TABLE 13 


PyroPHOSPHATE RELEASE FROM TTP 








Control * Exptl. A 

Minat my.moles 
tS A-C4 , 21 20 
i 12 q 
paps 2 21 19 





* Deoxyadenosinetriphosphate omitted. 

The TTP was labeled with C14 in the thymine and P32 jn the terminal two 
phosphate groups. The incubation mixtures were similar to those in Table 11. but 
larger in scale and incubated for 60 minutes. P32 and P32P32 were separated and 
determined by chromatography on Dowex-l chloride columns. 


TABLE 14 


INABILITY OF THYMIDINE DIPHOSPHATE TO 
Repiace THYMIDINE TRIPHOSPHATE 





mumole DN A-P2 





Complete system * 7 : 5 x 
No TTP 0:06 
TTP replaced by TDP 0.06 





*'The labeled substrate was deoxy-ARP32PP: the reaction mixtur 


. ae , ge es al me q- 
tion conditions were similar to those in Table 11. aan? oe 
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well understood. While the pathways of deoxynucleotide synthesis 
have not been described, there is a hope that the demonstration of a 
mechanism of direct reduction of the ribonucleotides will lead to a 
simple solution. In our current studies of DNA synthesis we are 
dealing with a moderately purified protein fraction which appears to 
increase the size of a DNA chain. It does so only under the remarkable 
condition that all four of the deoxynucleoside triphosphates be present. 
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THE ENZYMATIC CONVERSION OF DEOXYURIDYLIC ACID 
TO THYMIDYLIC ACID AND THE PARTICIPATION 
OF TETRAHYDROFOLIC ACID 


Morris FrreDKIN AND ARTHUR KoRNBERG 
Departments of Pharmacology and Microbiology, 
Washington University School of Medicine, 
St. Louis, Missouri 


THE SEQUENCE of reactions by which the thymidine of deoxyribonucleic 
acid (DNA) arises is unique in that it involves constituents, thymine 
and deoxyribose, not found among the known nucleotide synthetic 
pathways. Tracer studies have provided a profile of the over-all pat- 
tern of reactions which lead to the biosynthesis of the thymine of DNA. 
The pyrimidine bases of thymidine (14, 4), deoxyeytidine (14), or 
deoxyuridine (3, 13) can serve as precursors of DNA thymine. Fur- 
thermore, the hydroxymethyl group of serine (2), formate (17), or 
formaldehyde (10) is the precursor of the 5-methyl group of thymine 
by a pathway in which folie acid compounds appear to play an impor- 
tant role. It is the mechanism of this methylation which is the subject 
of the present report. 

It is not surprising that the presence of 5-methyleytosine and 
5-hydroxymethyleytosine in certain DNA’s has led to suggestions for 
sequences in which cytosine (as part of an undetermined structure) 
may be the primary acceptor of a one-carbon unit at position 5 and 
that upon deamination this would result in the formation of thymine. 
The observation that uracil-C14 deoxyriboside is a precursor of the 
thymidine of DNA and not of the deoxycytidine of several species 
(3, 13) showed clearly that a uracil-containing compound could be a 
methyl acceptor, however. It was further found that the utilization 
of deoxyuridine for thymidine synthesis was effectively blocked by low 
concentrations of Aminopterin, the powerful folic acid antagonist (3). 
The antimetabolic effects of Aminopterin on the utilization of one- 
carbon donors have been known for some time (5, 17). 

Studies were initiated with cell-free extracts of Escherichia coli, in 
which it was hoped that the methylation of deoxyuridine could be 
demonstrated. Our main emphasis was placed on the preparation of 
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the nucleotides of deoxyuridine, on the assumption that the conversion 
to thymidine occurred with a phosphorylated form of the nucleoside, 

The enzymatic kinase reactions by which thymidine is converted 
to thymidylic acid and subsequently to thymidine triphosphate (TTP) 
(9) were reinvestigated with deoxyuridine as phosphate acceptor from 
ATP. Although deoxyuridine was converted to deoxyuridylic acid, the 
subsequent phosphorylations to deoxyuridine triphosphate were not 
catalyzed by the EH. colt enzyme which rapidly converts thymidylic 
acid to TTP. This specificity, which perhaps explains why thymine 
and not uracil is a component of DNA, was made the basis of a new 
assay for the methylation of deoxyuridylic acid: 


deoxyuridine-5’-P*?_ (phosphomonoesterase-susceptible) 

J methylation reactions 
thymidine-5’-P*? (phosphomonoesterase-susceptible) 

| ATP + thymidylic acid kinase 
thymidine-5’-P%?-P-P (TTP) (phosphomonoesterase-resistant). 


The working hypothesis was that only after methylation of deoxy- 
uridylic acid to thymidylic acid could the specific thymidylie acid 
kinase catalyze phosphorylation to TTP. The assay consisted of 
counting TTP as a charcoal-adsorbable P??-containing nucleotide 
resistant to the action of prostatic phosphomonoesterase. The phos- 
phomonoesterase dephosphorylates deoxyuridylie acid and thymidylic 
acid but not TTP. Charcoal adsorbs nucleotides but not inorganic 
orthophosphate. 

Employing this assay we found that P?2-labeled deoxyuridylice acid 
was converted to TTP by crude E. coli preparations. When the bac- 
terial extracts were treated for the removal of cofactors by passage 
over a Dowex-1 formate column, the enzymatic activity was markedly 
diminished, but could be restored by the addition of a boiled extract 
of E. coli. 

It was reasoned at this point that tetrahydrofolic acid (THFA), 
which is known to be involved in several transfer reactions (6, 1, 15, 
12), might be the factor in the boiled extract which was activating the 
methylation of deoxyuridylic acid. Jaenicke (7) has shown that the 
8-carbon of serine is transferred to THFA with the probable forma- 
tion of N!°-hydroxymethyl THFA. From this work one might expect 
that N!°-hydroxymethyl THFA by reductive reactions could result 
in the formation of methyl groups. 
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The effect of boiled bacterial extract could be replaced by synthetic 
THFA (8) in incubation mixtures containing deoxyuridylic acid, serine, 
ATP, Mgt+, thymidylie acid kinase, and Dowex-1-formate-treated 
extracts of #. coli. Furthermore, in the absence of serine (which acts 
as a methyl donor in the bacterial system), synthetic N1°-hydroxy- 
methyl THFA (7) could act as a methyl donor. These effects are 
shown in Table 1. 


TABLE 1 


CONVERSION oF DreoxyurIpyLic AcIp To THYMIDINE TRIPHOSPHATE 








¢.p.m 
on Norit 
Exp. ‘1 
Complete system 1650 
zero time 24 
minus THFA 47 
‘* serine 480 
ATP 51 
“extract 212 
“ Mgt 30 
“pyridoxal phosphate 1500 
Exp. 2 
a) Complete system 
+ serine + THFA 1870 
— serine + THFA 470 
b) Complete system 
+ serine + hydroxymethyl THFA 1650 
— serine + hydroxymethyl THFA 1210 





The complete system (325 wliters; pH 7.4) contained 0.011 umole of deoxyuri- 
dine-5’-phosphate labeled with P32 (2900 ¢.p.m.), 2.3 wmoles of ATP, 5.7 wmoles 
of MgClo, 11.4 wmoles of L-serine, 0.1 wmole of THFA or N10-hydroxymethy| 
THFA, 0.5 umole of cysteine, 2.5 umoles of inorganic orthophosphate, 0.1 umole 
of pyridoxal phosphate, 21 wmoles of TRIS, thymidylate kinase, and an extract of 
E. coli treated with Dowex-1 formate. The mixtures were incubated at 37° C. for 
60 minutes and then heated at 100° C. for 3 minutes. Each mixture was then 
adjusted to pH 4.6 with acetate buffer, treated with semen phosphatase for 30 
minutes, adsorbed on Norit A, and counted in a gas-flow chamber. 


Two procedures were used to substantiate the conclusion that a 
methylation of deoxyuridylic acid had indeed occurred. First, an 
incubated reaction mixture containing deoxyuridylic acid-2-C1!4 (sim- 
ilar to that in Table 1, Exp. 1) was subjected to acid-hydrolysis, phos- 
phomonoesterase action, and then to paper chromatography (butanol: 
ammonia:water). The thymidine zone (R»=0.50) contained about 
90 per cent of the radioactivity; about 10 per cent of the radioactivity 
was detectable in the deoxyuridine area (Ry = 0.36); and no counts 
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O 

on| OH 
CH- CH,-G-G-GH»-0-P=0 
HH OH 





a HO 


OH _OH 
GH- GH,-G-G-CH,-O-P=0 


N H H OH 
O=~ ) 
).. -N'°-THFA 
2 


OH 
Ness 


CH-CH, -C- G-CH,- O-P=0 
' ' ' Ne 


+ 
(dew, THFA 


Fic. 1. A speculative mechanism for the participation of hydroxymethyltetra 
hydrofolie acid in the conversion of deoxyuridylic acid to thymidylie aeid. 
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were found in the hydroxymethyl deoxyuridine area (Raw 
Second, a similar reaction mixture containing P*?-labeled deoxy mine tic 
acid was incubated and then adsorbed on a Dowex-1-chloride column. 
Inorganic phosphate, deoxyuridylate, and ATP were eluted in succes- 
sion with 0.01 N HCl—0.1 M NaCl. The TTP zone, eluted with 
0.01 V HCl—0.3 M NaCl, contained 35 per cent of the counts, a value 
consistent with that obtained by the assay for phosphomonoesterase- 
resistant, Norit-adsorbable radioactivity. The requirement for THFA 
and the partial dependence on the presence of serine are consistent with 
the conclusion that a conversion of deoxyuridylie acid to thymidylie 
acid had taken place. 

A chemical reaction described for N-hydroxymethyl compounds with 
8-diketones in which water is split out (11) may be instructive with 
respect to the enzymatic methylation of deoxyuridylie acid. This would 
involve the condensation of deoxyuridylie acid with hydroxymethyl 
THFA as shown in Fig. 1. The hypothetical intermediate thus formed 
would yield thymidylic acid and THFA by a process of reductive 
cleavage similar to that described for the formation of acetic acid 
from glycine (16). This speculative sequence of reactions is consistent 
with the isotopic data of Elwyn and Sprinson (2) which indicate that 
the hydroxymethyl group of serine, doubly labeled with C14 and 
deuterium, is transferred to the 5 position of thymine with a minimum 
of 1.5 atoms of deuterium per atom of carbon. 
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POLYNUCLEOTIDE SYNTHESIS * 
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and 
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UNTIL RECENTLY the mechanisms of synthesis of the polynucleotide 
chains of nucleic acids had remained obscure despite notable advances 
in our understanding of the enzymatic mechanisms involved in the 
synthesis of the mononucleotides, the purine and pyrimidine bases, and 
the sugar moieties. 

As previously reported (16-18, 32), an enzyme isolated, and partially 
purified, from the microorganism Azotobacter vinelandii catalyzes the 
synthesis of highly polymerized ribonucleotides from 5’-nucleoside 
diphosphates, with release of orthophosphate. The reaction requires 
Mgt and is reversible. Chemical and enzymatic degradation of the 
synthetic polynucleotides has shown that they are made up of 5’-mono- 
nucleotide residues linked to one another through 3’-phosphoribose 
ester bonds as in RNA. It has been shown that the enzyme is able 
to catalyze the phosphorolytic cleavage of polynucleotide chains to 
form 5’-nucleoside diphosphates. Thus, in analogy with polysaccha- 


* The experimental work reported in this paper was aided by grants from the 
U.S. Public Health Service, the American Cancer Society, the Rockefeller Founda- 
tion, and the Office of Naval Research, as well as by generous gifts of 5’-ribo- 
nucleoside diphosphates from the Sigma Chemical Company and the Pabst Labo- 
ratories and of 5/’-deoxyribonucleoside monophosphates from the California 
Foundation for Biochemical Research. 

1The following abbreviations are used: RNA, ribonucleic acid; DNA, deoxy- 
ribonucleic acid; ADP, GDP, UDP, CDP, and IDP, 5’-diphosphates (pyrophos- 
phates) of adenosine, guanosine, uridine, cytidine, and inosine, respectively; 
AMP, GMP, UMP, CMP, and IMP, 5’-monophosphates of the same nucleosides; 
ATP, 5’-adenosine triphosphate; DPNH, reduced diphosphopyridine nucleotide ; 
DAMP, DCMP, and TMP, 5’-monophosphates of deoxyadenosine, deoxycytidine, 
and thymidine, respectively; DADP and DATP, 5’-deoxyadenosine di- and tri- 
phosphate; Tris, tris(hydroxymethyl)-aminomethane; ¢.p.m., counts per minute. 
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rides, reversible phosphorolysis may be a major mechanism in the 
biological synthesis and breakdown of polynucleotide chains. For this 
reason, the name polynucleotide phosphorylase was proposed (16) for 
the new enzyme. Evidence has been presented (17, 20a, 32) that this 
enzyme brings about the synthesis of RNA-like polynucleotides. 

The discovery of polynucleotide phosphorylase has provided definite 
answers to certain questions but, as is often the case, has raised a 
number of new ones. The main questions can be grouped in two cate- 
gories: (a) the structure and nature of the synthetic ribopolynucleo- 
tides, and (b) the mechanism, specificity, and generality of the phos- 
phorylase reaction. The mode of synthesis of deoxyribopolynucleotides 
raises a further question of obvious interest. 

The answer to question (a) can be summarized by the statement 
that the polynucleotides synthesized by polynucleotide phosphorylase 
show the structural pattern of RNA. The enzyme has been found to 
be widely distributed in bacteria (1, 6, 24). The questions of group 
(b) remain largely unanswered. 

The isolation, partial purification, and properties of the Azotobacter 
polynucleotide phosphorylase, as well as the preparation and isolation 
of polynucleotides, have already been described (18). The enzyme has 
also been partially purified from extracts of Escherichia coli (24) and 
Micrococcus lysodeikticus (2) and Alcaligenes faecalis (6a). Much of 
the experimental evidence bearing on the structure of the synthetic 
polynucleotides has also been presented (16, 17, 32). This paper will, 
therefore, deal only briefly with these aspects of the problem while 
considering in more detail some of the more recent work on structure 
along with some of the unanswered questions mentioned above. 


POLYNUCLEOTIDE PHOSPHORYLASE 


The reaction catalyzed by polynucleotide phosphorylase ean be 
represented as in Equation 1, where R stands for ribose, P-P for 
pyrophosphate, P for orthophosphate and X for one or more of the 
following bases: adenine, hypoxanthine, guanine, uracil or cytosine. 

n X-R-P-P = (X-R-P) n +nP (1) 
In the direction to the right, the reaction leads to the formation of 
a polynucleotide from 5’-ribonucleoside diphosphates, with liberation 
of a stoichiometric amount of orthophosphate. Under suitable eondi- 
tions the rate of liberation of phosphate is proportional to the eon- 
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centration of enzyme and can be used for assay of the phosphorylase 
(18). Beers (2) has utilized the rate of formation of acid-insoluble 
nucleotides or the rate of disappearance of acid-soluble nucleotides to 
determine the activity of the enzyme obtained from M. lysodeikticus. 
The reversibility of the reaction leads to the incorporation of labelled 
phosphate in the terminal phosphate group of nucleoside diphosphates 
(16, 18). The rate of this incorporation or “exchange” provides a 
sensitive and convenient assay for the enzyme. The activity of the 
enzyme can also be determined by measuring the rate of reaction (1) 
in the direction to the left, i.e., in the direction of the phosphorolysis 
of polynucleotides. With the use of P#2-labelled orthophosphate this 
provides a very sensitive and a specific method of assay. The rate of 
phosphorolysis of the biosynthetic AMP polynucleotide can also be 
used in an assay method where the rate of production of ADP from 
the polynucleotide is measured enzymatically in the presence of 
phosphopyruvate, pyruvic kinase, DPNH, and lactic dehydrogenase. 
Under these conditions, pyruvate is formed through the transfer of 
phosphate from phosphopyruvate to ADP, and is reduced to lactate 
by DPNH with a decrease of the optical density of the solution at 
wave-length 340 my. As shown in Fig. 1, the reaction is dependent 
on the presence of polynucleotide phosphorylase, AMP polynucleotide, 
and orthophosphate, and its rate is proportional to the concentration 
of phosphorylase. Unfortunately, this assay can only be used with 
relatively highly purified preparations of the phosphorylase because 
of the development of turbidity with crude preparations. 
Thermodynamically, the reaction catalyzed by polynucleotide phos- 
phorylase utilizes the energy of the pyrophosphate bond in 5’-nucleo- 
side diphosphates to form the diester bonds of a polynucleotide chain. 
On incubation of purified polynucleotide phosphorylase with nucleo- 
side diphosphates singly or in combination, in the presence of Mg++, 
there is liberation of orthophosphate. The reaction reaches equilibrium 
and comes to a standstill when 60 to 80 per cent of the acid-labile 
phosphate has been released as orthophosphate. No accurate data have 
yet been obtained on the position of the equilibrium but, as is the 
case with polysaccharide phosphorylase, it seems to be influenced 
mainly by the ratio of the concentration of orthophosphate to that of 
nucleoside diphosphate. Preliminary experiments with ADP or IDP 
as substrate indicate that equilibrium is reached when the orthophos- 
phate/nucleoside diphosphate ratio is from 1.5 to 2. Thus, the reaction 
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POLYMER 


OPTICAL DENSITY (A= 340 my) 


40 , 60 
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Fic. 1. Phosphorolysis of A polymer. 1.0 ml. of reaction mixture containing: 
Tris buffer, pH 8.1, 100 umoles: MgClo, 5.0 umoles; KHoPO,4, 10.0 umoles; 
DPNH, 0.15 umole; A polymer, 0.085 mg. (0.25 umole); phosphopyruvate, 1.6 
umoles; pyruvic kinase, 3 units: lactic dehydrogenase, 7 units; Azotobacter poly- 
nucleotide phosphorylase (Enz.), specific activity 8, 0.069 mg. Last addition 
(indicated by arrows): Curve 1. Azotobacter enzyme; Curve 2, phosphate; 
Curve 3, A polymer. Inset. Rate of phosphorolysis as a function of Azotobacter 
enzyme concentration. Rate (A optical density at wavelength 340 mz) calculated 
from the period between the 3rd and 7th minute after start of reaction. Tem- 
perature, 25° C. 
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appears to favor polynucleotide synthesis and to indicate that the free 
energy of hydrolysis of the phosphodiester bonds in polynucleotides 
is lower than that of the pyrophosphate bonds of nucleoside disphos- 
phates. However, the ready reversibility of the reaction suggests that 
it proceeds with a relatively small change in free energy and that there 
cannot be much difference in the free energy of hydrolysis of the two 
kinds of bonds. The ready reversibility of the reaction has also been 
observed by Beers (1, 2) and by Littauer (24). 

The isolation of enzymes which utilize 5’-nucleoside diphosphates 
as immediate precursors of ribopolynucleotides raises the question 
whether these precursors are present in the cell. Potter and his col- 
laborators (36) have in fact demonstrated the occurrence in tissues 
of the 5’-mono-, di-, and triphosphates of guanosine, uridine, and 
cytosine besides those of adenosine. The mechanism of formation of 
the 5’-polyphosphates has been elucidated through the discovery (11, 
23, 23a, 30, 37, 38) of nucleoside monophosphokinases which catalyze 
the transfer of phosphate from ATP to GMP, UMP, or CMP, and 
from ADP to GDP, UDP, CDP, or IDP. 


A number of polynucleotides have been prepared by incubation 
of partially purified preparations of polynucleotide phosphorylase from 
A. vinelandii with 5’-nucleoside diphosphates singly or in mixtures, in 
the presence of Mg++. “Single” polymers have been prepared from 
ADP, IDP, GDP, UDP, or CDP and will be referred to as the A, I, 
G, U, or C polymers, respectively. Each of them consists of only one 
kind of monomeric unit. To date, two “mixed” polymers, i.e., poly- 
nucleotides containing two or more different monomeric units, have 
been prepared, one from approximately equimolar mixtures of ADP 
and UDP and one from mixtures of ADP, GDP, UDP, and CDP, in 
approximately molar proportions 1:0.5:1:1, as well as equimolar; these 
will be referred to as the AU and the AGUC polymers, respectively. 
The polynucleotides are usually isolated by precipitation with cold 
ethanol and purified by solution in a small volume of water, reprecipi- 
tation with ethanol, solution, and exhaustive dialysis against distilled 
water. They are then recovered from the dialyzed solution by lyophili- 
zation and are obtained in the form of white powders. The preparation 
of an A polymer with enzyme from M. lysodeikticus has been described 
by Beers (2). Another A polymer has been prepared by Littauer (24) 
with enzyme from FE. coli. A and I polymers have recently been pre- 
pared with A. faecalis enzyme (6a). 
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STRUCTURE AND NATURE OF RIBOPOLYNUCLEOTIDES 


The biosynthetic polynucleotides consist of 5’-nucleoside monophos- 
phate residues linked to one another through 3’-phosphoribose ester 
bonds; therefore, they have 3’-, 5’-phosphodiester linkages just as 
natural RNA does (4). The chains are terminated by phosphate 
groups monoesterified at carbon 5’ of the nucleoside moiety. On 
treatment with alkali or with specific phosphodiesterases these poly- 
nucleotides yield products in accordance with the action of the same 
agents on RNA. Thus, snake venom phosphodiesterase (7) hydrolyzes 
the polynucleotides to 5’-nucleoside monophosphates, while spleen 
phosphodiesterase (20) yields the corresponding 3’-nucleoside mono- 
phosphates. Hydrolysis by alkali cleaves polynucleotide chains at the 
same points attacked by spleen phosphodiesterase but, according to 
Brown and Todd (5), alkaline hydrolysis proceeds with the liberation 
of 2’-3’-nucleoside monophosphates (cyclic mononucleotides) which 
are further cleaved to give mixtures of the 2’- and 3’-nucleoside mono- 
phosphates. This was experimentally demonstrated by Markham and 
Smith (26). 

On digestion with pancreatic ribonuclease, the biosynthetic poly- 
nucleotides also yield the same hydrolysis products as RNA. Pan- 
creatic ribonuclease is a phosphodiesterase with characteristic speci- 
ficity; it cleaves pyrimidine nucleoside phosphodiester bonds distal to 
a 3’-linkage. As expected from what is known about the specificity of 
pancreatic ribonuclease, this enzyme does not act on the A or I polymer 
(the G polymer has not yet been tried), but it cleaves the U, C, AU, 
and AGUC polymers. With the U polymer, which is the “single” 
polymer that has been more extensively investigated thus far, pan- 
creatic ribonuclease gives 3’-UMP after exhaustive digestion. With 
shorter periods of hydrolysis, 80 per cent of the polymer may be con- 
verted to cyclic uridylic acid (uridine 2’-, 3’-monophosphate). This 
compound was first obtained from RNA hydrolysates by Markham 
and Smith (26). Very brief digestion with ribonuclease converts the 
U polymer largely to a mixture of cyclic di-, tri-, and tetranucleotides. 
Similar results have been obtained with the C polymer. Some non- 
cyclic oligonucleotides also appear. 


Structure of AU, 


Some of the evidence bearing on the structure of the AU polymer 
has been presented in previous publications (17, 32). More recent 
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experiments with a radioactive AU polymer prepared from a mixture 
of ADP labelled with P22 in the two phosphate groups and non- 
labelled UDP will be described here. Data on the preparation of this 
polynucleotide are summarized in Table 1. The quantitative analysis 
of the products obtained from this polynucleotide after exhaustive 
digestion with pancreatic ribonuclease is shown in Table 2. The strue- 
ture of the polynucleotide chains is represented diagramatically in 
Fig. 2. Since the polymer was prepared with ADP labelled with P22 


TABLE 1 
BiosyNTHESIS or Raproactive AU POLYMER 


66.5 wmoles of ADP with P32 in both phosphates 

62.5 umoles of UDP (no label) 

Ratio ADP/UDP = 1.06 

Tris buffer, pH 8.0, 0.05 A. 

MgClo, 0.01 M. 

Azotobacter enzyme, specific activity, 14, 0.9 mg. of protein, total volume. 
1.16 ml. 


Obtained 11.0 mg. of AU polymer containing 15.7 wmoles of AMP and 15.1 
zmoles of UMP (Ratio AMP/UMP in polymer = 1.03). 


TABLE 2 


RiBonuc.EASE Dicestion Propucts or AU POLYMER 


Mononucleotide (U) 38.0% of the units 
Dinucleotide (AU) 350% “ « “ 
Trinucleotide (AAU) 20.0% “ g 5 
Tetranucleotide (AAAU) 49% “ & ‘ 
Pentanucleotide (AAAAU) 21% “ & « 


ADENINE ADENINE URACIL ADENINE URACIL URACIL 
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Fig. 2. Scheme of cleavage of A*U polymer by alkali. 
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in the acid-stable phosphate and non-labelled UDP, adenosine-5’- 
phosphory! residues with P** have been polymerized with non-radio- 
active uridine-5’-phosphoryl groups. If this polymer is hydrolyzed 
with alkali, splitting occurs as shown by the dotted lines in Fig. 2, 
and P®2 originally linked to adenosine becomes transferred to a uridine 
residue if the diester bond happened to connect at carbon 3’ of a 
ribose moiety with the pyrimidine nucleoside. Accordingly, measure- 
ment of radioactivity appearing in the UMP liberated by alkaline 
hydrolysis gives an estimate of cross-linking between adenylic and 
uridylic acid residues. Such determinations gave 53 per cent cross- 
linking for the AU polynucleotide described here. This means that 
53 per cent of the adenylie acid residues were preceded by uridylic 
acid in the polynucleotide chain. 

Some information on the nucleotide sequence in this polynucleotide 
has been gained by hydrolyzing the labelled AU polymer with pan- 
creatic ribonuclease and examining the separated oligonucleotides for 
radioactivity. An example of the method is shown in Fig. 3 for the 
vase of the dinucleotide adenylic-uridylic acid (AU). This dinucleo- 
tide is released by ribonuclease whenever the sequence AU is preceded 
by uridylic acid; cleavage occurs at the points indicated by the dotted 
lines. In the upper half of the figure is shown the sequence UAUA. 
It will be noticed that in this case the dinucleotide split off by ribo- 
nuclease will have radioactivity (indicated by an asterisk) in the 
uridylic acid moiety but, in the sequence shown in the lower half of 
the figure, namely UAUU, the AU dinucleotide split off will be non- 
radioactive. Determination of the specific radioactivity of the dinu- 
cleotide AU released by digestion of the polymer with pancreatic 
ribonuclease will give information on the relative frequency of the 
above two sequences of nucleotide units, namely, UAUA and UAUU. 
Further information can be obtained by determining the specific 
radioactivity of the tri-, tetra-; and pentanucleotides liberated by 
ribonuclease digestion. Combination of these measurements with the 
determination of chain length by end-group assay (25) gave the data 
shown in Table 3. This table shows the number of units occurring in 
certain sequences, such as UUA, UUU, UAU, UAUA, etc., for an average 
chain length of 46 nucleotide units determined for this polynucleotide. 

The preliminary data given above show that the adenylic and uri- 
dylic acid residues were rather freely interspersed in the AU polynucleo- 
tide studied. The average length of uridylie acid sequences was 2.35, 


Fic. 3. 
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TABLE 3 


NUCLEOTIDE SEQUENCES IN AU POLYMER 
Average chain-length, 46 nucleotide residues. 











Sequence Number of residues occurring as Total 
UU UUA, 7.00; UUU, 9.00 16.0 
UAU UAUA, 8.10; UAUU, 7.10 15.2 
UAAU UAAUA, 4.60; UAAUU, 4.10 8.7 
UAAAU UAAAUA, 1.07; UAAAUU, 1.03 2.1 
Total residues accounted for 42.0! 








1 The remaining residues are derived from chain ends and include uridine-3’5’- 
diphosphate, adenosine-3’-5’-diphosphate, uridine, adenosine, adenosine-3’ :adeno- 
sine-5’-phosphate, etc. 


that of adenylic acid sequences was 2.0. More experiments of this 
kind with different batches of polymers and a detailed analysis of the 
data obtained will be required to decide whether the distribution of 
mononucleotide residues in these chains 1s random or otherwise. 


Structure of AGUC. 


When RNA is exhaustively digested with ribonuclease and the 
reaction mixture is dialyzed against distilled water, there remains a 
non-dialyzable residue or “core” which consists of a mixture of oligo- 
nucleotides with relatively high proportions of purine mononucleotides. 
Ribonuclease hydrolysis of a sample of AGUC polymer and yeast 
RNA (17) showed that in both cases there remained a non-dialyzable 
core amounting to about 20 per cent of the total nucleotides. Analysis 
of the ribonuclease digestion products of the AGUC polymer by the 
technique of Markham and Smith (27) showed that the biosynthetic 
polymer yields the same products that would be obtained from natural 
RNA, Ribonuclease released 3’-CMP and 3’-UMP from this polymer, 
along with a number of oligonucleotides of which the following have 
so far been identified: the dinucleotides AU, AC, GU, and GC, and 
the trinucleotides AAU and AAC. 

Smellie (unpub.) has recently determined the nucleotide composi- 
tion of two samples of the AGUC polymer and of samples of RNA 
isolated from Azotobacter and other bacteria. The analyses were car- 
ried out on perchloric acid hydrolysates of the polynucleotides (29); 
the purine and pyrimidine bases were separated by paper chromatog- 
raphy in the isopropanol-hydrochlorie acid solvent system (39) and 
determined from the ultraviolet absorption of the eluates of the corre- 
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sponding spots (cf. also 9). The results, shown in Table 4, are the 
averages of a number of closely agreeing experiments. The first AGUC 
polymer in Table 4 was prepared as previously described (18) with 
Azotobacter polynucleotide phosphorylase of specific activity 18 
from a mixture of about equimolar amounts of ADP, UDP, and CDP, 
but only half the molar amount of GDP. The reasons for this have 
been previously explained (18). This polynucleotide, on the basis of 
sedimentation data, had a molecular weight around 70,000 (32). It is 
apparent that the proportions of adenylic, uridylic, and cytidylie acids 
were essentially the same in this polymer and in Azotobacter RNA, 
whereas the proportion of guanylic acid in the biosynthetic poly- 
nucleotide was about half that in Azotobacter RNA. Another sample 
of AGUC polymer prepared later from an approximately equimolar 
mixture of the four 5’-nucleoside diphosphates (the second poly- 
nucleotide shown in Table 4) showed a proportion of adenylic and 
guanylic acid identical to that in Azotobacter RNA. Unfortunately, 
this polymer was prepared with a crude fraction of the Azotobacter 
enzyme and appeared to have undergone degradation, possibly by 
contaminating nucleases. This was indicated by the loss of some 70 
per cent of the alcohol-precipitable polynucleotide upon dialysis. 
Degradation by a ribonuclease-like nuclease might account for the low 
value for uracil. Further work is required to determine the proportion 
of nucleoside diphosphates that would result in the same nucleotide 
ratios for biosynthetic AGUC and Azotobacter RNA. It appears pos- 
sible that the isolated enzyme may bring about the synthesis of a 
polynucleotide of the same composition as the RNA from the same 
cells, when the four nucleoside diphosphates are present in approxi- 


) 


mately equimolar concentrations.? 

The ribonucleic acids from the other three organisms listed in 
Table 4, namely Staphylococcus aureus, Mycobacterium phlei, and 
Alcaligenes faecalis, all of which are rich in polynucleotide phos- 
phorylase, were isolated and analyzed to see if any of them would 
show significant differences in nucleotide composition from Azotobacter 
RNA. It may be seen that while the ratios of adenylic to cytidylic 
acid are rather constant, that is not the case for those of guanylic to 
uridylic acid. Mycobact. phlet and Alc. faecalis RNA showed sig- 


?Smellie (unpub.) has recently analyzed such a polymer. Its average nucleotide 
composition was, adenine, 10.0; guanine, 14.4; uracil, 8.5; cytosine, 12.0. 
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TABLE 4 


NucLEoTIDE COMPOSITION 











Polynucleotide Adenine Guanine Uracil Cytosine 
AGUC (1:0.5:1:1) 10.0 5.9 7.1 9.9 
AGUC (1:1:1:1)* 10.0 12.7 4.2 11.1 
Azotobacter RN A** 10.0 13.0 71.3 9.0 
Staph. aureus RNA 10.0 11.5 6.6 8.2 
Mycobact. phlei RNA 10.0 15.0 7.4 8.7 
Alcaligenes faecalis RNA 10.0 11.4 5.1 8.9 

* Prepared with crude enzyme; polymer partially degraded by nuclease action. 
** Cf. ref. 


nificant deviations in nucleotide composition from Azotobacter and 
Staphylococcus RNA with regard to guanylic and uridylic acid, respec- 
tively. It would be of interest to purify the phosphorylase from these 
microorganisms to see whether these enzymes could bring about the 
synthesis of AGUC polymers of the same nucleotide composition as 
the corresponding RNA from equal mixtures of the four nucleoside 
diphosphates. 


Molecular Weight and Chain Length. 


The molecular weights of the polynucleotides synthesized by poly- 
nucleotide phosphorylase fall in the range of molecular weights deter- 
mined for a variety of natural ribonucleic acids by several investi- 
gators. The data in Table 5 are shown for comparison. The sedimenta- 
tion molecular weights for the polynucleotides prepared by synthesis 
with Azotobacter enzyme and for Azotobacter RNA are based on 
preliminary data (R. C. Warner, unpub.) and can be considered only 
as rough approximations. This may account for the discrepancy 
between the sedimentation and light-scattering values for the same 
preparation of the A polymer. The much higher values obtained by 
light-seattering for two samples of the A and I polymers may be 
due to the fact that, contrary to our usual practice of isolating the 
polynucleotides when the reaction reaches equilibrium following a 
single addition of nucleoside diphosphates, these samples were pre- 
pared by shifting the equilibrium at various times with supplementary 
additions of nucleoside diphosphates in order to promote further 
synthesis. It is possible that polymers of larger size are obtained by 
multiple additions of substrate. It should be noted that the sedimentad 
tion molecular weights of the AGUC polynucleotide and Azotobacter 
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RNA were of the same order of magnitude. This emphasizes further 
the analogy between the synthetic and the natural compound. 

Some of the low values recorded for samples of RNA from natural 
sources (H. coli, yeast) are most likely due to degradation during 
isolation and may be far below the molecular weight of the native 
RNA in the cell. Studies of ribonucleic acids from plant viruses have 
emphasized the marked instability of the native compounds which, 
following isolation, undergo spontaneous depolymerization to frag- 
ments of smaller molecular weight than the original material. Thus, the 
tobacco mosaic virus RNA investigated by Cohen and Stanley (8), of 
molecular weight around 300,000, was depolymerized to fragments 
of molecular weight between 60,000 and 70,000. Further degradation 
to fragments of molecular weight 15,000 took place when the RNA 
was treated with alkali. More recent measurements (31) gave much 
higher molecular weights for what would appear to be essentially 
undegraded tobacco mosaic virus RNA, of the order of 2 « 10°. 
It should be noted (Table 5) that the A polymer prepared by Beers 
(2) had a molecular weight close to 2 « 10°. It can therefore be 
concluded that the molecular weight of the ribopolynucleotides syn- 
thesized by polynucleotide phosphorylase approaches the values ob- 
tained for relatively undegraded ribonucleic acids isolated from natural 
sources. 

The average chain lengths of some of the polynucleotides prepared 
with Azotobacter enzyme have been determined by end-group assays 
(25). The fact that, with the possible exception of the A polymer, the 
molecular weights calculated from chain length were much smaller 
than those obtained from sedimentation data has been previously dis- 
cussed (32), and evidence presented for the view that the larger 
molecular weights obtained by physical methods are caused by aggre- 
gation of polynucleotide chains. Of interest for our present discussion 
is the fact that the average chain length of a sample of AGUC was 
found to be 30 residues and that here again this value falls in the 
range of values previously obtained for RNA from natural sources. 
Thus, Markham and Smith (28) found the average chain length of 
two samples of yeast and turnip yellow mosaic virus RNA to be 12 
and 53 residues, respectively. The molecular weights calculated from 
these values, roughly 4,000 and 16,000, respectively, are on the whole 
also much lower than the values obtained by physical measurements. 

The question may now be asked whether in the light of present 
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evidence polynucleotide phosphorylase can be assumed to be respon- 
sible for the intracellular synthesis of RNA. The close structural 
analogy between the ribopolynucleotides synthesized by polynucleo- 
tide phosphorylase and RNA and, in particular, the close analogy 
between the AGUC polynucleotide and the RNA isolated from Azoto- 
bacter with regard to nucleotide composition and molecular weight, 
would appear to favor this view. It must be pointed out, however, 
that as far as has been determined the affinity of 5’-nucleoside diphos- 
phates for the Azotobacter polynucleotide phosphorylase is very low. 
Thus, the saturating concentrations of ADP and IDP were found to 
be of the order of 10-1 M and 5 & 10-2? M, the half saturating con- 
centrations being 2.7 x 10—-* M and 10-2 M, respectively (18). To 
overcome the difficulty created by this fact one would have to assume 
that high local concentrations of nucleoside diphosphates might be 
available to the phosphorylase in the cell. 


PROBLEMS RAISED 


As mentioned in the introduction, the discovery of polynucleotide 
phosphorylase has raised more questions than it has answered. While 
there is little doubt that the enzyme can bring about the synthesis of 
polynucleotides like ribonucleic acid and may even be responsible for 
the synthesis of RNA in the cell, a number of other questions have 
only been partially answered or have as yet not been answered at all. 
It is appropriate in a symposium of this nature to consider some of 
these questions in detail. 


Reaction Mechanism. 


Little is as yet known of the mechanism of action of polynucleotide 
phosphorylase. Studies aimed at elucidating this point may have to 
await further purification of the enzyme. The question of whether 
the enzyme, in analogy with muscle phosphorylase, can only add 
nucleotide units to a preexisting polynucleotide chain, 1.e., whether 
the enzyme requires a primer, or whether it can build a polynucleotide 
chain starting only from a mixture of nucleoside diphosphates, cannot 
as yet be answered. Most of the enzyme preparations so far obtained 
in our laboratory contain some nucleotide or polynucleotide, which 
may represent merely a contamination, as judged from the ratios of 
light absorption at 280 mp to 260 mp. To judge by the radioactive 
phosphate exchange assay with ADP as substrate, pancreatic ribo- 
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nuclease has no effect on the activity of the enzyme. However, this 
treatment, followed by dialysis, does not bring about complete removal 
of the nucleotides in the preparation, and it is possible that ribo- 
nuclease would not attack a polynucleotide which was firmly bound 
by the protein. If no polynucleotide primer were required for the 
synthesis of a polynucleotide chain, the question would arise whether 
reaction is initiated between two nucleoside diphosphate molecules. 
A polynucleotide so synthesized should have a pyrophosphate end- 
group, but so far no evidence has been obtained that such is the case. 
Another possibility would be that the reaction is initiated between a 
nucleoside monophosphate and a nucleoside diphosphate, the former 
acting as primer to start the chain. This possibility has been eliminated 
by experiments in which UDP was incubated with the enzyme in the 
presence of AMP. This should lead to a polynucleotide containing 
AMP at one end of the chain. However, end-group assay of the 
polynucleotide synthesized under these conditions showed that it was 
terminated by uridine residues. It should be added that when the 
synthesis of polynucleotide is followed at brief intervals of time, no 
evidence is found for any accumulation of small polynucleotides. 
Since polynucleotide phosphorylase has been only partially purified, 
the possibility remains that it represents a mixture of enzymes rather 
than a single one. The fact that purified preparations of the enzyme 
from EF. coli (U. Z. Littauer, pers. commun.) and M. lysodeikticus 
(P. Olmsted, pers. commun.) do not appear to react with GDP would 
seem to support the view that different enzymes are involved in the 
reaction with each of the nucleoside diphosphates. As previously 
pointed out (18), we have found that partially purified preparations of 
Azotobacter polynucleotide phosphorylase react with difficulty with 
GDP, and we have so far been able to obtain but small amounts of a 
GMP polynucleotide. However, GDP does react in the presence of 
the other nucleoside diphosphates and is incorporated as GMP in the 
AGUC polynucleotide. While the unity or multiplicity of polynucleo- 
tide phosphorylase cannot be definitely settled until pure preparations 
of the enzyme or enzymes are available, there are some facts which 
speak in favor of a single enzyme. Thus, the incorporation of radio- 
active phosphate is always decreased when more than one nucleoside 
diphosphate is present. This fact, which is particularly evident when 
the incorporation of phosphate brought about by each of the nucleo- 
side diphosphates ADP, GDP, UDP, and CDP, is compared with that 
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produced by a mixture of all four (cf. 18, Table 5), suggests a compe- 
tition of the various diphosphates for the same site. 


Specificity. 

The Azotobacter polynucleotide phosphorylase shows considerable 
lack of specificity, since it can act on single nucleoside diphosphates, 
or on mixtures of two or more of them. It also lacks specificity in the 
direction of phosphorolysis, as it can attack ribonucleic acids from 
various sources besides the biosynthetic polynucleotides. However, 
the enzyme is inactive on certain non-naturally-occurring nucleoside 
diphosphates such as dihydrouridine diphosphate and 5-bromouridine 
diphosphate; it is also inactive on ribose-5-pyrophosphate.? The P*2 
exchange assay (18) was used in all these cases. In spite of the ap- 
parent unspecificity of the enzyme the possibility remains that, in the 
presence of adequate concentrations of the four naturally occurring 
nucleoside diphosphates, the enzyme could synthesize a polynucleotide 
chain with a determined sequence of nucleotides, i.e., a specific RNA. 


In view of the belief that ribonucleic acids are involved in protein 
synthesis and of the widely held idea that they may provide templates 
for the synthesis of specific proteins, the problem of the specificity or 
non-specificity of RNA and of the manner in which specific nucleic 
acids could be synthesized is of considerable importance. The biological 
activity and specificity of RNA has recently been clearly demonstrated 
by the work of Fraenkel-Conrat (10) and Gierer and Schramm (12) 
with tobacco mosaic virus. It is apparent from that work that the 
RNA in plant viruses is the carrier of genetic information, like the 
DNA in bacterial viruses and in plant and animal cells. The ribo- 
nucleic acids from different strains of tobacco mosaic virus possess 
biological specificity even though they show no significant differences 
in nucleotide composition (21a). Now that we know in a general way 
how RNA is synthesized, the question may be asked how a specific 
RNA is made. 

Since we have some indications that variations in the relative con- 
centrations of nucleoside diphosphates can affect the nucleotide com- 
position of the polynucleotides synthesized by polynucleotide phos- 

* Dihydrouridine diphosphate was kindly provided by Dr. S. S. Cohen, Univer- 
sity of Pennsylvania, 5-bromouridine diphosphate by Dr. Reginald Webb, Chem- 
ical Laboratory, University of Cambridge, and ribose-5-pyrophosphate by Dr. 
B. L. Horecker, National Institutes of Health. We are indebted to Dr. Sanae Mii 
for these assays. 
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phorylase, it is possible that the cell could determine the composition 
of the RNA it manufactures by mechanisms regulating the relative 
concentrations of nucleoside diphosphates available at the sites of 
synthesis. It is difficult to see, however, how a certain sequence of 
nucleotides could be produced unless this were an inherent property 
of the enzyme concerned. This would mean that there would be as 
many RNA-synthesizing enzymes as there are different ribonucleic 
acids. The other alternative, which would perhaps appear more likely 
from the information obtained with polynucleotide phosphorylase, 
would be that even if no polynucleotide primer were required for the 
synthesis of RNA, a given RNA or DNA, possibly bound by the 
protein, might act as a template for the reproduction of its nucleotide 
pattern. 


Generality of Phosphorylase Reaction. 


It cannot yet be decided whether the reaction catalyzed by poly- 
nucleotide phosphorylase represents a general biological mechanism 
for the synthesis of RNA. Wide distribution of the enzyme would 
favor such a possibility. However, while the enzyme is widely dis- 
tributed in microorganisms, there is so far no unequivocal evidence 
for its presence in animal tissues, As previously reported, polynucleo- 
tide phosphorylase has been found in extracts of a number of bacteria 
(6, 32) whether aerobic or anaerobic, gram positive or gram negative, 
The enzyme has also been found in yeast extracts (M. Grunberg- 
Manago, pers. commun.) and, in small amounts, in ammonium sulfate 
fractions of spinach leaves (6). 


Indirect evidence for the presence of polynucleotide phosphorylase 
in liver may be provided by Goldwasser’s finding (13, 14) that AMP 
(5’-adenosine monophosphate) is incorporated as such into the RNA 
of pigeon liver homogenates. Similar results have been obtained by 
Heidelberger et al. (19a) with rat liver homogenates. Although these 
experiments do not show that AMP is incorporated following its con- 
version to ADP, that would not appear to be unlikely, inasmuch as the 
experimental conditions favored the formation of adenosine polyphos- 
phates by oxidative phosphorylation. It is possible that polynucleotide 
phosphorylase is present in all cells, although in widely different 
amounts, and that much more enzyme occurs in rapidly proliferating 
cells, such as those of microorganisms, than in the cells of animal tissues 
which do not multiply rapidly. 
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Deoxyribonucleotides. 


Another aspect of the problem of the generality of the polynucleo- 
tide phosphorylase reaction is the question whether enzymes similar 
to polynucleotide phosphorylase are concerned with the synthesis of 
DNA. The problem is at present under investigation in several labo- 
ratories. The presence of 5’-deoxyribonucleoside polyphosphates in 
tissues and the existence of mechanisms for the formation of the poly- 
phosphates from the monophosphates would lend support to the view 
that the deoxyribonucleoside polyphosphates may be precursors of 
DNA. The occurrence of the mono-, di-, and triphosphates of thymidine 
and deoxycytidine in thymus extracts has been recently reported (34), 
and it has been shown (19, 35) that the 5’-di- and triphosphates of 
deoxyadenosine, deoxycytidine, and thymidine are formed in liver 
homogenates by phosphorylation of the corresponding 5’-nucleoside 
monophosphates, apparently through reactions involving phosphate 
transfer from ATP. Kornberg et al. (22) have reported the phos- 
phorylation of thymidine by ATP to 5’-thymidine monophosphate and 
of the latter of the 5’-deoxythymidine di- and triphosphates. 


We have found (D. O. Brummond, R. M. 8. Smellie, and 8. Ochoa, 
unpub.) that ammonium sulfate and ethanol fractions from A. vine- 
landw contain enzymes catalyzing the transfer of phosphate from 
ATP or ITP to 5’-deoxyribonucleoside monophosphates, with forma- 
tion of the corresponding di- and triphosphates. Since the Azotobacter 
preparations contain polynucleotide phosphorylase, the occurrence of 
these transfers can be readily detected through the “exchange” of 
radioactive phosphate which occurs when ADP or IDP are formed. 
Typical experiments are shown in Table 6. The “exchange” was deter- 
mined as the radioactivity remaining in the reaction mixtures at the 
end of incubation after removal of the orthophosphate, as described 
(18) for the assay of polynucleotide phosphorylase: While there was 
some “exchange” in the control experiments with ATP or ITP as the 
only added nucleotide, it was markedly increased in the additional 
presence of the 5’-monophosphates of deoxyadenosine and deoxy- 
cytidine. Some increase was also observed with thymidylic acid 
(5’-thymidine monophosphate) plus ATP. The “exchange” in the 
controls was probably due to the presence of some ATPase and ITPase 
in the crude enzyme fractions used, as well as to the slight contami- 
nation of the triphosphates with the corresponding diphosphates. The 
results indicate the occurrence of phosphate transfer from ATP or ITP 
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TABLE 6 


PHOSPHATE “EXCHANGE” WITH VARIOUS NUCLEOTIDES 











Nucleotides P incorporation Nucleotides P incorporation 
ATP (control) 3,150 ITP (control) 3,000 
ATP + AMP 61,160 ITP + IMP 0 
ATP + DAMP 55,560 ITP + AMP 79,460 
ATP + DCMP 43,400 ITP + DAMP 79,820 
ATP + TMP 3,710 ITP + DCMP 8,580 











Per ml. of reaction mixture: Tris buffer, pH 8.0, 100 umoles; MgCle, 3.0 umoles; 
potassium phosphate buffer, 2.5 wmoles with P%2-labelled orthophosphate (800,000 
c.p.m.); nucleotides, each 2.5 umoles; and enzyme (Azotobacter ethanol fraction) 
with 0.4 mg. of protein. Incubation, 15 minutes at 30° C. Results expressed as 
¢.p.m. incorporated in excess of controls. Exchange with nucleoside monophos- 
phates was negligible. 


to the deoxyribose nucleoside monophosphates with formation of ADP 
or IDP and deoxyribose nucleoside polyphosphates. It will be noted 
that there was some phosphate transfer from ITP to AMP, a reaction 
previously described by Strominger et al. (38) and others (11, 23, 23a), 
and that there was no transfer from ITP to IMP. 

The transfer of phosphate from ATP can also be followed spectro- 
photometrically in the presence of phosphopyruvate, pyruvic kinase, 
lactic dehydrogenase, and DPNH, since formation of ADP will lead 
to the transfer of phosphate from phosphopyruvate to ADP and oxi- 
dation of DPNH by the pyruvate thus formed. The experiments of 
Fig. 4 illustrate the phosphate transfer between ATP and deoxycytidine 
monophosphate (DCMP) followed in this way. There was essentially 
no reaction until the system was completed by the addition of DCMP 
or the Azotobacter enzyme. 

The transfer of phosphate from ITP to 5’-deoxyribonucleoside mono- 
phosphates can also be conveniently followed when the reaction is 
carried out in the presence of IDPase (33). Under these conditions 
the IDP formed as a result of the transfer reaction is hydrolyzed by 
IDPase to IMP and orthophosphate, and the liberation of orthophos- 
phate is a measure of the phosphate transfer, Furthermore, through 
the removal of IDP the equilibrium of the transfer reaction is shifted 
and it proceeds to completion. This affords a convenient method for 
the biosynthetic preparation of 5’-deoxyribonucleoside polyphosphates. 
The course of the reaction between ITP and DAMP or DCMP jis 
shown in Fig. 5. It may be seen that the phosphate liberation from 
ITP in the absence of other nucleotides was negligible. 
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Fic. 4. Transfer of phosphate from ATP to DCMP. 1.0 ml. of reaction mix- 
ture containing: Tris buffer, pH 8.0, 50 umoles; MgClo, 2.5 wumoles; DPNH, 0.15 
ymole; phosphopyruvate, 1.6 pwmoles; ATP, 0. umole; DCMP, 1.0 umole; 
pyruvic kinase, 3 units; lactic dehydrogenase, 7 units; Azotobacter ethanol frac- 
tion (Enz.), 0.1 mg. of protein. Temperature, 25° C. The two last additions to 
system are indicated by arrows. 


The products of the transfer reactions with DAMP and DCMP, 
isolated by paper and ion-exchange chromatography, have proved to 
consist of the corresponding di- and tri-phosphates. The formation of 
di- and tri-phosphates probably occurs as illustrated by Reactions 2 
and 3, for the transfer from ITP to DAMP and DADP. 
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Fic. 5. Phosphate liberation during transfer of phosphate from ITP to DAMP 
or DCMP in the presence of IDPase. 1.0 ml. of reaction mixture containing: 
Tris buffer, pH 8.1, 100 umoles; MgClo, 30 umoles; Azotobacter ethanol fraction, 
5.5 mg. of protein; IDPase, 0.9 unit; and nucleotides as indicated, each 10 umoles. 
Temperature, 30° C. 


CEP = DAMP =P ee Dae (2) 

1a Fp DUDE Ne SS DS (3) 
Reaction (2) is of the type previously described (37, 38) for ribo- 
nucleotides, and is catalyzed by nucleoside monophosphokinases. Reac- 
tion (3) is of the type catalyzed by nucleoside diphosphokinases, also 
described previously (3, 23) for ribonucleotides. Whether the enzymes 
involved here are the same or different from those concerned with the 
transfers between ribonucleotides remains to be determined. We have 
evidence (D. O. Brummond, R. M. 8. Smellie, and 8. Ochoa, unpub.) 
that Reaction (4), which could lead to the formation of DATP from 
IDP and DADP, does not occur: this is in line with the failure of 
Strominger et al. (38) to find enzymatic phosphate transfer between 
ATP and IMP (ef. Reaction 4, from right to left). 


IDP + DADP = IMP + DATP (4) 


i 
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While the existence of mechanisms in the cell for the phosphoryla- 
tion of 5’-deoxyribonucleoside monophosphates suggests a function for 
these compounds, possibly as precursors of DNA, these and previously 
discussed (32) experiments of other investigators are no proof that the 
polyphosphates are really involved in DNA synthesis. More direct 
evidence for the participation of deoxyribonucleoside polyphosphates 
in the synthesis of deoxyribopolynucleotides has been recently pre- 
sented by Kornberg et al. (22a) and is discussed by Kornberg in this 
symposium. With Azotobacter enzyme preparations (Brummond, 
Smellie, and Ochoa, unpub.) we have so far failed to obtain evidence 
for a net synthesis of deoxyribonucleotides upon incubation of DAMP 
or DCMP with ATP or ITP under conditions where the di- and tri- 
phosphates of deoxyadenosine and deoxycytidine are formed. 


SUMMARY 


Polynucleotide phosphorylase, the enzyme which catalyzes the syn- 
thesis of highly polymerized ribopolynucleotides from 5’-ribonucleoside 
diphosphates with release of orthophosphate, is probably responsible 
for the intracellular synthesis of RNA in microorganisms. However, 
a number of questions related to the mechanism and generality of the 
reaction and to the mode of synthesis of specific ribonucleic acids 
remain unsolved. It is to be hoped that information on these various 
subjects will be rapidly forthcoming. 
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THE NATURE OF RNA LABELING IN HOMOGENATES * 


VAN R. Porter, Joun H. Scunemper, and Liserorre I, Hecut 


McArdle Memorial Laboratory, Medical School, 
University of Wisconsin, Madison 6, Wisconsin 


THE INCORPORATION of labeled ribonucleotides into RNA has been 
reported to occur in pigeon liver homogenates by Goldwasser (2), and 
in rat liver homogenates by Potter, Hecht, and Herbert (7). Cell-free 
homogenates and also nuclei-free homogenates that were simultane- 
ously carrying out oxidative phosphorylation were able to convert 
added orotic-acid-6-C"™ into all of the 5’-uridine nucleotides (7). Under 
these conditions the RNA native to the homogenate became labeled, 
and the acid-soluble fraction contained exclusively 5’-uridine nucleo- 
tides, in so far as we were able to determine. The RNA yielded only 
2’,3’-UMP upon alkaline hydrolysis (7), indicating that a typical 
RNA internucleotide bond had been formed, and that there was no 
contamination with acid-soluble nucleotides. 

When the incorporation of label into RNA was studied as a func- 
tion of time, it was found that after a period of active incorporation 
there was a period of progressive loss of label from the RNA, and 
moreover ATP was found to inhibit the incorporation (5). 

When 5’-AMP*? was used to label the RNA in this test system, it 
entered the RNA and could be recovered as 5’-AMP*? in high yield 
by treating the labeled RNA with snake venom diesterase. However, 
when the labeled RNA was hydrolyzed with alkah, the P®? was re- 
covered in high yield as CMP*? of the 2’,3’ variety (4). These obser- 
vations raised several questions as to the nature of the incorporation 
being studied in the homogenate. 

More recent studies have suggested a tentative explanation of these 
findings in terms of the lengthening of an existing RNA chain, which 
will be abbreviated as RNA-3’-OH, to indicate a postulated terminal 
riboside. If this reacts with a diphosphate as suggested by Ochoa (6), 
for example with U*DP (labeled with precursor orotic acid) the 
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product would be RNA-U*R-3’-OH. However, the RNA-3’-OH might 
react with ATP to form RNA-3’-OH2PO; (or pyrophosphate) (ef. 
Dounce, 1), which would presumably no longer be available for chain 
lengthening. These relationships are shown in Fig. 1, and the new 
experiments are described below. 
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Fic. 1. Working hypothesis for studying the nature of RNA labeling 
in homogenates. 


Errect or ATP on INCORPORATION 


The above speculations suggest that the conditions for optimum 
incorporation require ATP to generate UDP and other diphosphates, 
but not too much, since UTP would be formed, and also the available 
end groups might all be phosphorylated. One way of achieving an 
optimum balance is to regulate the amount of reaction mixture per 
flask with a standardized rate of shaking. When this was tried it was 
found that there was indeed an optimum (Fig. 2). It is assumed that 
the degree of aeration was probably the chief variable in this experi- 
ment. Another approach was the addition of various amounts of ATP 
to the reaction mixture (5). It has now been shown that the inhibiting 
action of ATP on the system occurs very rapidly and that the effect 
disappears with time (Fig. 3). This result again suggests an optimum 
balance between the various phosphorylated compounds in the system, 
which includes both acid-soluble components and many kinds of RNA. 


Loss or LABEL FROM RNA 


Since the loss of label from RNA has been a constant feature of 
the system, it was decided to carry out experiments in which the 
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microsomal RNA was labeled in one system and then reincubated in 
a fresh system with no additional radioactivity in the medium, and 
carried through the time period that would ordinarily result first in 
labeling and then in delabeling. When microsomal RNA was labeled 
in a homogenate system and the resulting homogenate-labeled micro- 
somes were added to a fresh system, the delabeling began at once and 
continued until the end of the incubation (Fig. 4). It is important to 


I50 1.00 






= 

a 
: 2 
re a 
2 100 ~ 
S e 
= Lis y= 
ec , 
= = 


On 
{e) 


2D 


MINUTES INCUBATION 
O 40 80 120 160 





Ic. 4. Loss of C14 from rat liver microsomal RNA previously labeled by 45 
minutes incubation as in Fig. 3, controls, when re-incubated in a similar but non- 
radioactive reaction mixture. 


note that any increase or decrease in RNA was of questionable sig- 
nificance during this period, which included the time which would 
have resulted in an increase in the labeling had orotic acid-6-Cl been 
present. The conclusion seems inescapable that the labeling and 
delabeling involve some kind of an addition of labeled nucleotides to 
intact RNA molecules, and presumably at exposed positions or end- 
groups. If this conclusion is valid, then RNA labeled in positions 
farther from the exposed end-groups should be less rapidly delabeled. 
Accordingly microsomal RNA from whole animal labeling experiments 
(Fig. 5) were placed in similar reaction mixtures, and it was found 
that the RNA was not delabeled at all during the incubation. In this 
experiment the precursor orotie acid-6-C!4 had been injected into the 
animals 24 hours before they were killed, and the peak of incorpora- 
tion had been passed. Further experiments with shorter time periods 
for the labeling in vivo are obviously called for, but already the results 
suggest either different degrees of end-group labeling, or different 
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Fic. 5. Retention of C14 in rat liver microsomal RNA previously labeled in vivo 
during 24 hours following injection of orotic acid-6-C14 when incubated in reac- 
tion mixture that was non-radioactive as in Fig. 3. The upper line showing MG. 
RNA is an average, since the individual values were very similar. Individual 
values of the c.p.m. per mg. are plotted in this case. 


classes of RNA molecules, each with different turnover rates and equi- 
librium constants. 


THE ROLE oF THE NucLEUS IN RNA SynTHESIS 


The above experiments show that the homogenate still falls far short 
of being able to yield a net synthesis of RNA molecules in which 
delabeling is paralleled by a decrease in the absolute amount of RNA. 
Moreover, the question of whether the nuclei-free homogenates are 
actually free of nuclear enzymes cannot be answered unequivocally at 
this time. 

These considerations led to the development of a different approach 
to this problem. The advantages of studying nucleic acid synthesis 
in the whole animal are many, but the main ones are the facts, first, 
that it occurs, and secondly, that it is subject to physiological controls. 
The disadvantages are that each animal can provide only one point 
on a time curve, and this fact coupled with the occurrence of biological 
variation, makes in vivo experiments somewhat difficult to interpret, 
especially in terms of a balance sheet of products accounted for along 
a time curve. 

It appears that many of the advantages of the whole animal experi- 
ment can be retained and some of the disadvantages obviated if slices 
of tissue from a single animal are incubated in separate flasks for 
various periods of time to obtain points on a time curve. By injecting 
orotic acid-6-C'™ into animals and killing them at times based on 
previous experience with labeling in vivo, it is possible to obtain slices 
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that contain no labeled orotic acid or orotidylic acid but do contain 
large amounts of labeled acid-soluble pyrimidine nucleotides and also 
contain labeled RNA that is distributed between the nuclear and the 
cytoplasmic compartments in different proportions depending on the 
elapsed time. The present experiments have been carried out with 
normal and regenerating liver. By choosing the proper in vivo condi- 
tions, which have previously been worked out, tissue capable or in- 
capable of labeling DNA in vitro (as slices) can be obtained (3). In all 
cases the balance sheet for isotope distribution can be determined for 
the tissue at the time of death, which then becomes the zero time point 
for the incubations in vitro. Such slice preparations can be homoge- 
nized after various periods of time to permit the separation of the 
nuclei from the cytoplasm, and it is thus possible to follow the distri- 
bution of label in the RNA of the separate cell fractions from a single 
animal at various time intervals and under varying conditions. 

It has been found that at very early periods of time following the 
injection of orotic acid-6-C14 (when orotie and orotidylic acids are 
no longer available, nuclear RNA is relatively more radioactive than 
cytoplasmic RNA, and the acid-soluble pyrimidine nucleotides are still 
highly radioactive), the rate of further labeling of the total RNA in 
the slice is very low in comparison with what ean be accomplished by 
the addition of more orotic acid-6-C'™ to the flasks. The meaning of 
this observation and its further analysis in terms of the various cell 
compartments is under study. 
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DISCUSSION 


_ Dr. Porrer: I think there is an interesting question that appears 
from the work of the two preceding speakers. If these findings prove 
to have great generality, which they may well have, we see a situation 
in which triphosphates, ete., are used for DNA synthesis and diphos- 
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phates, etc., are used for RNA synthesis. This, of course, immediately 
forces the enzyme chemists to ask how these reactions may be oriented, 
and one may think that there are two possibilities: either there is a 
cyclic difference in the balance between these two factors in the cell, 
or there is a structural barrier between some of the reactants in the 
system. I think that both of these possibilities immediately suggest to 
you a number of ways in which these things can be answered, and I 
would just like to say that we have been studying these reactions in 
homogenates in which the total system can convert orotic acid to 
orotidylic acid—and incidentally it has not been previously shown that 
orotidylic is formed in animal tissue preparations, but we now have 
clear evidence for this—and this goes to UMP and then to UDP and 
then to UTP and then to UDPG, and then we have a reversible reac- 
tion between UDP and RNA, and finally an over-all irreversible con- 
version of uracil ribotides to DNA. In homogenates we have the reac- 
tion system from orotic acid up to and including RNA. In slices and 
whole animals we have the whole system, including the intermediate 
reactions to RNA and DNA. At the very outset we assumed that this 
balance between diphosphates and triphosphates was an important 
thing, and so we set up flasks with a fairly deep layer of the reaction 
mixture so that there would be oxidation but not too much oxidation. 
It is evident from the amount of a reaction mixture per flask that 
there is an optimal number of ml. per reaction mixture to give maximum 
incorporation of labelled orotic acid. Starting with labelled orotic acid 
and allowing it to label all these intermediates, we finally study the 
radioactivity in terms of counts per minute per mg. of RNA. Since 
the composition of the reaction mixture is constant, it is evident that 
degree of aeration is a controlling factor. Running the experiment 
under nitrogen prevents any labelling of RNA. It was found some 
time ago by Dr. E. Herbert in our laboratory that ATP at high levels 
inhibited the reaction. We were very worried about this, and we 
thought at first that there were metal contaminants in our reaction, 
but this was not the case. In the absence of ATP from our system it is 
seen that RNA is labelled for a while and then the label moves out of 
the RNA. On the other hand, if you put in 4 micromoles of ATP per ml. 
at zero time the reaction is inhibited and then incorporation begins. 
This shows that the ATP is not really contaminated with toxic material. 
If you add the ATP at some later point it stops the reaction; then it 
starts again still later and then goes through the normal course of 
events. We wanted to know why the RNA loses label in our system. 
Microsomal RNA which is labelled in vivo in the animal, when added 
to our reaction mixture is not delabelled. Using either normal liver or 
regenerating liver as a source of microsomes, there is neither net loss 
nor net synthesis of RNA in our system. If we add homogenate-labelled 
microsomes to our system, the mg. of RNA remain constant, but 
there is marked decrease in the specific activity of the RNA; so here 
we have a marked contrast in these two results, and I think this has a 
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bearing on yesterday’s discussion on the structure of RNA. I think 
we have to ask the question: What are the active forms of the end 
groups of RNA when it is undergoing synthesis? I think we have here 
an experimental system for possibly labelling the end groups. We 
think naturally occurring RNA may be in two forms in our system. 
The first one we would just write as RNA 3’OH, the other one repre- 
sented as RNA with a phosphate on it; and we think it’s possible to 
have pyrophosphates and cyclic phosphates, from the work of Mark- 
ham and Smith and others, and we don’t mean to specify what’s on 
the other end yet. These are just some of the possible reactions in 
the system and the nature of the equilibrium reactions, and these 
systems may be thought of as competing with one another. The upshot 
of this is that, although ATP is needed for several of the reactions, a 
very strong production of ATP in this mitochondrial oxidative phos- 
phorylation system pushes the equilibrium the other way and seems to 
operate against RNA synthesis. Although the deoxyribose triphosphate 
nucleotides are evidently required for DNA synthesis according to 
Dr. Kornberg’s very conclusive data, these systems have a marked 
advantage, because they seem to be irreversible, whereas we think 
the reaction systems in RNA synthesis are reversible. We, of course, 
are asking the obvious question, since we are interested in control 
mechanisms in cancer tissue. As everyone knows, there is a good supply 
of hydrogen in the cancer cell, and so we are asking if the cancer 
cell, or any growing cell for that matter, is set up so it could have a 
suitable supply of diphosphates giving RNA plus a segregated supply 
of triphosphates and a segregated supply of reducing potential. 

Dr. VotKin: I would like to ask Dr. Ochoa if he feels from his 
data that the mononucleotide composition of RNA seems to be mainly 
a function of the relative pool sizes of the diphosphates. 


Dr. Ocuoa: It appears to be so. I think this is probably due to the 
fact that the K,, values of the diphosphates are very high, so pre- 
sumably the system is not saturated with diphosphates under the 
conditions in which the polynucleotides are made. If you have a low 
concentration of one of the diphosphates you can get a low concen- 
tration of the corresponding nucleotide in the polynucleotide. When 
you have equal concentrations of nucleotide diphosphates initially, 
the concentrations of mononucleotides in the polymers are very roughly 
1:1:1:1,so it appears to depend very much on the starting concentrations. 

Dr. SPrEGELMAN: I would like to ask Dr. Kornberg if he tried to run 
the reaction backwards by putting in pyrophosphate and, second, if 
there is any suggestion of an equilibrium in DNA synthesis. 

Dr. Kornserc: I would like to make a table to contrast RNA and 
DNA-synthesizing systems, which may answer your question and others. 

Dr. Korner: First, as to the question of reversibility: In the ease 
of DNA synthesis, if we use inorganic pyrophosphate in concentrations 
which exceed the concentrations of the substrate by 1000-fold we get 
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RNA DNA 
Reversibility ‘ie an 
Kn >10-? M <10-5 M 
Number of nucleotides required 1 e: 
Primer requirement No clear evidence 
Extent of reaction relative to Almost infinite 114 times 
q initial polynucleotide - 
Specificity Complex (ef. Ochoa) Some specificity (i.e, 
ATP fails to replace 
deoxy ATP) 





only about 20% inhibition, whereas low concentrations of inorganic 
phosphate (10°17) will completely inhibit RNA synthesis or reverse 
it. The K,, value for the nucleoside diphosphates required for RNA 
synthesis is much higher than that for DNA. As to number of nucleo- 
tides required, RNA synthesis requires one and DNA synthesis at 
least 4. As to primer, we confirm Dr. Ochoa that there is no clear 
evidence for primer for RNA, but there is in DNA an obligate need 
for “primer.” Concerning the extent of reaction, the kinetic values are 
not good, but let’s say the best we have done in the case of DNA 
synthesis is a 114-fold increase. Maybe there is meaning to this. DNA 
synthesis reaches a limit; in the case of RNA the extent of reaction 
is almost infinite, considering that you start with essentially no RNA. 
As to specificity in the RNA-synthesizing system, Dr. Ochoa has dis- 
cussed this; but in the case of the DNA system the little we have 
done indicates some specificity. If you substitute ATP for deoxy-ATP 
the system is totally inert; it cannot replace deoxy-ATP in any way. 

Dr. Cuarcarr: I have one question for Dr. Kornberg. Is the primer 
replaceable? I understand your primer is HL. coli DNA. Is it replace- 
able by other deoxynucleotides, or is it a specific primer? 

Dr. Kornserc: Yes, let’s say at the outset that in the routine assay 
experiments we are measuring an increment not of 144-fold but of 
1.1-fold, so we are now dealing with only a 10% increment. In this 
sort of assay, #. coli DNA and thymus DNA are about equally 
effective, using equal amounts of DNA nucleotide; phage T2 DNA is 
about half as effective. 

Dr. CHarcarFr: I have a question for Dr. Ochoa. I notice he hasn’t 
said anything about animal cells. Is there any evidence for the exist- 
ence of polynucleotide phosphorylase in animal tissues? The second 
question has to do with a statement that I remember from his paper 
where he states that the ribonuclease-resistant portion of an RNA is 
not split by his enzyme. Now, since the ribonuclease-resistant portion 
of the nucleic acid is very rich in guanylic acid, this fits in with his 
difficulty of putting in guanylic acid. If there are really several 
specific enzymes then one could be lacking or inhibited, and it is the 
one that handles guanylic acid. The next question is with regard to 
sequence—Dr. Heppel has done excellent sequence work—is_ the 
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sequence more or less constant in parallel preparations? Could one 
get the same distribution of di- and trinucleotides in two preparations 
made from AU, or does it vary all over the lot? A factual statement 
from our own work has to do with the pentose in Azotobacter. We 
were interested in what pentose could actually be demonstrated in the 
naturally occurring RNA of Azotobacter, because we thought it would 
be funny if it turned out to be another pentose than ribose. Actually, 
we have looked at preparations of mononucleotides prepared by alkali 
hydrolysis of RNA of Azotobacter, and the main sugar is ribose. 


Dr. Ocuoa: That is indeed reassuring, Dr. Chargaff. Concerning 
your question about constant sequence, I did point out that one would 
have to do more experiments of this kind on several batches of AU 
before one could conclude anything about the randomness of the 
sequence or otherwise. The experiment has been done only once, and 
I think Dr. Heppel plans to repeat it this next fall on another batch of 
AU; so until we have data on several batches we cannot say much one 
way or the other. In regard to the question as to the presence of the 
enzyme in animal cells, so far we have not found the enzyme in them— 
at least, let’s put it this way: we have no unequivocal proof for its 
presence in animal cells. 


Dr. Savana: Any evidence of this enzyme in plant tissues? 


Dr. Ocuoa: Yes. A small amount of the enzyme was found in 
ammonium sulfate fractions from spinach leaves, so it seems to be 
present in the tissues of higher plants, but not in the amounts which 
are found in bacteria. I should like to think that it is present in animal 
cells but in very small amounts, and it is very difficult to detect. It is 
not surprising that cells that are growing rapidly would contain fair 
amounts of the enzyme and cells that aren’t growing rapidly wouldn’t 
contain much. In regard to Dr. Chargaff’s question about the “core.” 
by reacting ribonuclease with the AGUC polymer one gets a “core” 
the composition of which has not been studied, but the polymer yields 
the same percentage of “core” as that yielded by yeast RNA on 
digestion with RNAase. Whether or not the amount of phosphorolysis 
of this core is related to guanylie acid, we could not answer. We have 
not yet thoroughly investigated the guanylie acid polynucleotide. Poly- 
nucleotide phosphorylase has difficulty in making this one. However, I 
did point out that when you have GDP present with the other diphos- 
phates it does get incorporated very nicely into the high polymer 
molecule. As to the question of multiplicity of the enzymes, both 
lat and Beers and Olmsted find that purified preparations of the 
4. coli and M. lysodeikticus enzymes appear to be inactive with GDP— 
that is, with GDP alone, but no other laboratory has put together 
the four disphosphates to see whether GDP will then react. I think 
epee Suge oe Fee a aie very likely from the competition 

é Q phosphates, presumably for the same site 
on the enzyme. 
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Dr. P. Brera: I would just like to ask a question of Dr, Potter. In 
using the terms ATP and UTP in connection with DNA I was wonder- 
ing whether he was referring to the deoxynucleotides or if he was 
implying that in these preparations he had converted the ribotides to 
the deoxyribotides. That’s a very important distinction. 

Dr. Porrer: I know. I meant the level of phosphorylation. We have 
studied the transphosphorylations between the ATP and the pyrimi- 
dine deoxyribose monophosphates, and there is ready transphosphoryla- 
tion; and so it is clear that if you have a higher level of phosphorylation 
of ribonucleotides the phosphates just move over to the deoxy form, 
though of course at a level as yet unspecified. I am glad you pointed 
that out. 

Dr. Bera: You are referring, then, just to the phosphate level, rather 
than to the nucleotides? 


Dr. Potter: I should have just said TP and DP or else I should 
have indicated the intermediate steps. 


Dr. Bernuart: I would like to say a few words about the energetics 
of the RNA structure. The total of the inorganic phosphates liberated 
in the process of polymerization tends to a value of 80%. If we assume 
that every phosphate bond is equivalent, then we can write the equi- 
librium expression: 

ADP + ADP = AMP — ADP + P,. 


Taking into account all of the pertinent ionization constants for the 
equilibrium as measured by Dr. Ochoa, we get a value of —450 to 
—1700 calories. Comparing that with the hydrolytic process 
ADP + H.O = AMP + P,, for which we now have reasonably good 
thermodynamic data, the calculation leads us to the answer that the 
formation of this bond in RNA has an energy of about 7 kilocalories; 
and this is indeed a very high energy value, since it turns out to be 
essentially identical to the splitting energy of the second and third 
phosphate bonds of ATP. I would like to point out just one more thing 
to Dr. Ochoa, and that.is that the reaction yielding the formation of 
the RNA bond has been pushed toward bond synthesis by working 
at pH 8—that is, by ionizing the phosphoric acid. If one could lower 
the pH to see if one gets shorter chains or fewer chains, then one could 
get some idea as to whether all the bonds in the molecule are equivalent. 


Dr. OcHoa: We have not explored this very extensively as yet. We 
have found pH 8 to be the optimum of what we call the “exchange” 
reaction. We didn’t find much difference between pH 7 and pH 9 
for the rate of phosphate liberation. I would like to leave the audience 
with a little food for thought, if I may—namely, that the work on 
polynucleotide phosphorylase has disclosed that the diester bonds in 
the ribopolynucleotides can very well be called high-energy phosphate 
bonds, and therefore there is a possibility that they could be used by 
the cells as energy-yielding groups for other synthetic reactions. This 
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is along the lines that Dr. Spiegelman has been following. The other 
thing is that I was wondering when talking with Dr. Kornberg why 
it was that all the reactions I study (P enzyme, propiony! CoA car- 
boxylation, polynucleotide phosphorylase), turn out to involve nucleo- 
side diphosphates, whereas the ones he studies always seem to involve 
the triphosphates! 

Dr. KornserG: This is one of those cases of induced substrate spe- 
cificity. Since Dr. Soodak isn’t here, I would like to say something on 
his behalf. If he were here, Dr. Soodak would say that, in addition to 
RNA being a reservoir of energy, it might also be a reservoir of nucleo- 
tides for coenzymes. 


THE BIOSYNTHESIS OF NUCLEIC ACIDS 
IN SOME MICROBIAL SYSTEMS 


SEYMOUR S. CoHEN 
The Children’s Hospital of Philadelphia (Department of Pediatrics) and 
the Department of Biochemistry of the University of Pennsylvania 
School of Medicine 


INTRODUCTION 


THIS PAPER will be concerned with the few studies of nucleic acid 
metabolism in the systems which have been used to dissect the chemical 
basis of inheritance. Detailed studies of nucleic acid metabolism have 
barely begun with organisms classically employed in cytogenetics such 
as Drosophila or maize. In some fungal systems used for the study of 
physiological genetics, e.g., Neurospora, a satisfactory measurement 
of deoxyribose nucleic acid (DNA) content has not yet been made, 
nor have the metabolic properties of the nucleic acids been examined 
in these organisms. In yeast it is not customary to fractionate the 
nucleic acids into their two main chemical groups because of the rela- 
tive preponderance of ribose nucleic acid (RNA) and the presence of 
other fractions such as the metaphosphates. Finally, we can say vir- 
tually nothing about nucleic acid metabolism in transformable systems 
wherein the genetic determinants have been demonstrated to consist 
of DNA. In the latter instances we have not solved the problem of 
infecting a significant proportion of cells with the new genetic deter- 
minant in order to follow the consequent intracellular metabolic events. 
Also inhibitor and isotopic techniques have barely begun to be applied 
in these systems. 

The questions which we would like to answer in a study of the 
shemical basis of inheritance include the following (33): What is the 
nature of the genetic material, how is its specificity determined by its 
structure, how does it multiply, and how does it produce its primary 
shysiological action? 

At the present time only a single system has begun to provide 
answers to all of these questions; this is the well-known case of 
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Escherichia coli infected by the T-even viruses. With this system we 
shall be concerned primarily with the inheritance and multiplication 
of the virus rather than of the bacterium.! This brief survey of our 
present experimental position appears to stress the limited character 
of the data which can contribute to the discussion of such an important 
topic. On the other hand, it is not accidental that the greatest progress 
has been made with the phage system. With this system a rigorous 
separation can be made of genetic material which is produced in 
isolable virus and the innumerable enzymatic systems present in bac- 
teria which provide the metabolites used for the duplication of this 
genetic material. 

This paper will consider data available on three major aspects of 
this phage system: (1) the complexity of the T-even viruses and the 
chemical structure of their DNA; (2) the interrelations of protein, 
DNA, and RNA synthesis in infected cells; and (3) the intermediary 
metabolism of the nucleic acids. 

Finally I wish to present some data on thymine-requiring bacteria, 
in which an experimental separation of nuclear and ecytoplasmie syn- 
thesis appears feasible. To the extent that this is so, it may become 
possible to obtain chemical information comparable to that to be pre- 
sented in connection with studies on virus multiplication. In addition, 
recent data on these bacterial systems suggest some new approaches 
to the chemical study of mutagenesis. 


It is my purpose in this paper to point to some current problems 
rather than to stress our successes in obtaining partial answers. To my 
mind, the major advances which have been obtained from the studies 
to be considered are not those of specific results, but rather the inereas- 
ing precision with which the critical biological problems of our special 
systems can be posed in chemical terms. 


CHEMICAL Events In PHAGE INVASION AND MULTIPLICATION 
Introductory Remarks on Phage. 


Before presenting the biochemical data on the T-even viruses, i.e., 
T2, T4, or T6, three comments may be made: 


*In all other cases of bacterial viruses examined, including virulent viruses such 
as T3 (37), it appears that a structural homology may exist between their genetic 
materials and those of their hosts. In these instances, then, we may be able to 
reach some conclusions concerning the properties and behavior of the bacterial 
genetic apparatuses from the observed properties of their viruses. 
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(1) The T-even viruses are chemically unique and the extreme 
pathology which they produce in infected bacteria appears to be 
causally related to their unique chemical properties. Therefore many 
of the events observed may have no counterpart in any other system. 
Although it is probable that the genetic material of these viruses is 
DNA, it is too early to be able to separate all the properties derived 
from the special chemical features of T-even virus DNA from the 
more general attributes of DNA, or to be able to say to what extent 
these general attributes have been modified by the special properties. 
Although it can be hoped that the biochemical and genetic problems 
and solutions which will be examined in the light of experience with 
the T-even viruses will be comparable in other systems, it is probably 
wiser to begin with the clear understanding that extrapolation to other 
systems is a dangerous business at best, and a most unsatisfactory 
substitute for observation of the other systems. 


(2) We should note that a feature of cells infected by these viruses 
is the apparent cessation of enzyme synthesis.2. Thus the genetic deter- 
minants of the virus do not appear to control the synthesis of specific 
enzymes but produce their effects in some other manner. The solution 
of the mode of action of these viral genes may then be a simpler prob- 
lem than that posed by cellular genes, many of which appear to control 
enzyme production or specificity. The problem of the mode of action 
of viral genes probably permits us to bypass the general problem of 
enzyme synthesis. By the same token, of course, the answers we can 
obtain with these viruses are that much more limited. 

(3) It is known that a very large proportion of the metabolism of 
the infected cell is directly concerned with virus synthesis. The cellular 
responses due to these viruses which, in other systems, may appear to 
be a fairly distant effect of the gene mediated via some enzyme-forming 
system, may in this instance prove to be a direct concomitant of the 
multiplication of genetic material. 


The Nature of the Genetic Material of T2. 


The most recent data on the structure of the phage particle T2 are 
summarized in Fig. 1, A. The virus particle is seen to be hollow, con- 
sisting of a protein outer coat surrounding the compressed threadlike 

* The result of Joklik (39), purporting to indicate an increase in formic acid 


/ a Ms 
hydrogenlyase in infected cells, could not be confirmed by Dr. D. B. M. Scott in 
our laboratory. The apparent enzyme increase was caused by lysis from without. 
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DNA. This is the only type of nucleic acid in the virus (14). The 
outer coat is a complex differentiated structure consisting of a hexa- 
gonally shaped head and a tail, the tip of which is somewhat splayed. 
Several different proteins and antigens have been detected in the outer 
coat of the particle, and indeed the structure of the virus has been 
separated into a number of fragments. Empty heads, as well as bits 
of tail, have been isolated from infected cells treated with proflavin 
(51), a phenomenon which will be mentioned again below. The tip of 
the tail is essential for adsorption and may be unraveled by treatment 
with H»O, (42) or split off with cyanide complexes of metals of the 
Zn group (45). Kozloff has suggested that a comparable cleavage of 
tail structure may occur to adsorbed virus at the surface of the cell, 
pointing to the presence of Zn at concentrations sufficient for this 
function (Fig. 1, B). 

The virus particle, after removal of the tip, has a stubby tail con- 
taining a thin protein plug or spike which may be released by a number 
of compounds containing amino groups, of which glucosamine is an 
example. Upon the loss of the plug, DNA is discharged. It has been 
suggested by Kozloff that these events do occur at and then through 
the cell surface, as in Fig. 1, B. It appears that a hole is chewed 
through the cell wall, perhaps by enzymes within one or another of 
these virus structures. Such holes have been seen on direct examina- 
tion of cell walls treated with virus (69) and a release of cell-wall 
nitrogen has been observed from such treated walls (4). 

The existence of a head and several bits of tail consisting of struc- 
turally and functionally distinct proteins organized into the phage 
outer shell and constituting the attachment and penetration equipment 
of the phage outlines one major group of synthetic problems in infected 
cells. It has been shown that these complex protein substances do not 
constitute the genetic material of the phage and in fact do not supply 
the models for their own duplication. As Hershey and Chase have 
shown in their classic experiment (35), this outer shell of protein, with 
the possible exception of structures associated with the tail tip and 
plug (amounting to 3 per cent of the total protein), remains outside 
the infected bacteria. On the other hand, almost pure DNA enters the 
cell. The DNA may be accompanied by an amount of acid-soluble 
peptide equal at most to 1-2 per cent of total viral protein (33). 
Virus multiplication requires only the insertion of this genetic charge, 
since the outer coat of the infecting virus, which is left behind on the 
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bacterial wall, may even be shaken off into the medium during the 
latent period without affecting virus production.* Thus the DNA not 
only supplies the information essential to its own duplication but also 
that necessary to encase the DNA in the differentiated proteins of the 
outer coat and tail. 

Extruded virus DNA has been observed to exist in very long fibers 
of 20 to 25 A diameter (38). The total charge of DNA per phage 
particle consists of about 2 « 10—1% g. of nucleic acid. If this were 
present in a single molecule, the DNA would have a molecular weight 
of about 120,000,000 and contain approximately 400,000 nucleotides. 
Molecular weights of virus DNA as great as this have not yet been 
observed. In physical studies conducted in conjunction with Dr. H. K. 
Schachman, the DNA of T4r, isolated by the urea method (8), was 
estimated from sedimentation and viscosity data obtained at very low 
concentrations (15 pg. per ml.). The molecular weight appeared to be 
about 25,000,000. Although this value is greater than others reported 
in the literature and was obtained with a product of exceptionally high 
intrinsic viscosity, it should be noted that the physical analysis of the 
preparation and properties of virus DNA has barely begun. It is 
conceivable that still higher values will be obtained.‘ 


The isolated nucleic acids of three mutant pairs of T-even viruses, 
T2r+ and T2r, T4r+ and T4r, T6r+ and T6r, have been found to 
possess identical base ratios (71). When these results were first 
obtained, it appeared necessary to infer that, if the structure of the 
DNA controlled the genetic bases of mutational difference among 
these phages, the mutational differences arose either from quantitative 


*'To explain the transfer of DNA from phage to bacterium it might be postu- 
lated that release of a plug permits a tightly coiled DNA within the phage to be 
extended by virtue of its self-contained electrostatic repulsive forces. Although 
this mechanism would extrude the DNA from the phage, we are then confronted 
with the problem of how the spring was coiled. We are far from a position in 
which we can hope to answer this question, but we already have data on the 
intracellular organization of virus DNA and protein which pose this problem 
sharply. These data will be considered somewhat later. 


* Levinthal (50) has used an ingenious autoradiographic technique for estimating 
the size of virus DNA polymers containing radioactive P32. He reports that 
following osmotic shock, virus DNA is liberated in a large fragment which is about 
40 per cent of the size of the total phage DNA, as well as many smaller fragments 
of less than 7 to 8 million molecular weight. Our physical studies with DNA 
crea: by the urea method have not revealed two grossly different classes of this 
polymer. 
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differences too small to be detected by existing analytical methods or 
from differences in the sequential order of the nucleotides. As we shall 
see, the bases are not the only elements of the DNA molecule which 
may vary in amount. 


Unique Chemical Features of Phage DNA. 


In the course of the analytical study mentioned above, Dr. G. R. 
Wyatt and I discovered and identified a new pyrimidine base, 5- 
hydroxymethyl cytosine (HMC), which completely replaced cytosine 
in the virus DNA. Cytosine is the normal component of bacterial 
DNA and RNA, and at present it has been found in all other cellular 
nucleic acids studied: The possible metabolic role of HMC will be 
considered a little later; at this point let us examine some structural 
relations of this base in virus nucleic acid. 

The HMC deoxyriboside was isolated following acid hydrolysis of 
DNA and subsequent treatment with phosphatase (12). It had been 
discovered that successive treatments with DNAase and phosphatase 
could not release significant amounts of HMC nucleosides, although 
most of the adenine, guanine, and thymine deoxyribosides were readily 
released in this way. It was suggested at that time that the structural 
relations of HMC in some manner protected the phosphodiester link- 
ages of the HMC nucleotide and perhaps facilitated the survival of 
virus DNA within the bacterium. Our concern with the problem of 
the survival of phage DNA stems from the observation that infection 
with T-even virus rapidly activates a bacterial DNAase which appears 
to degrade the bacterial DNA (44, 53). The survival of injected viral 
DNA must then arise either from its special structural resistance to 
DNAase or from its separation within the cell from the DNAase. 

The molecular basis of the resistance of virus DNA to enzymes was 
discovered by Volkin, working with T4r+-DNA (64) and by Sins- 
heimer in studies on T2r+-DNA (58). The hydroxymethyl group of 
HMC was found to be glucosylated and the presence of glucose was 
shown to protect the phosphate of the HMC nucleotide from enzymatic 
cleavage (58). The structures of these compounds are presented in 
Fig. 2. | 

Although the HMC of the DNA of T4r+ was fully glucosylated (64), 
only 77 per cent of the HMC nucleotides in the DNA of T2rt con- 
tained glucose (58). We have recently confirmed these results (13). 
Thus although analyses of the base composition have not yet revealed 
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significant differences between the DNA of T2 and T4, such differences 
were revealed in the glucose content of the DNA of these viruses. 

That these structural differences revealed within the structure of 
DNA do in fact relate to phage DNA survival appears to have been 
shown recently in a study of recombinants of T2 and T4 by Streisinger 
and Weigle (62). The parent T2 stock which they studied was char- 
acterized by a poor efficiency of plating (ability to produce a plaque) 
with certain host bacteria and the DNA of the virus was characterized 
by a low glucose content. This was in contrast to the T4 stock studied, 
which had a high glucose content and a high efficiency of plating. 
Most T2 progeny of T2 & T4 crosses possessed the high efficiency of 
plating characteristic of T4. These derived T2 strains also then pos- 
sessed sufficient glucose to glucosylate all of the HMC of the DNA 
(62). In brief, then, the inheritable differences between T2 and T4 are 
not solely a matter of glucose content, but the glucose content does 
control certain other heritable properties of the viruses. 

These authors have also suggested that the less glucosylated DNA 
would be more prone to a breakdown mechanism. This lowered resist- 
ance to breakdown of the T2-DNA could also account for the observed 
exclusion by T4 of inheritable markers derived from the parent T2 
stock in certain T2 & T4 crosses, 
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In our comparisons of various r+ and r pairs of T2, T4, and T6é DNA 
we have consistently observed more glucose in preparations of the 
r phages than of the r+ strains (13). Mindful of the problem of puri- 
fying r phages, which because of their lytic properties are more prone 
to be contaminated by bacterial debris, numerous DNA preparations 
were also isolated from the r viruses. These also possessed high hexose 
contents, and all of the hexose has been identified as glucose. It appears 
that these DNA’s may contain HMC polyglucosides but these have 
not yet been isolated. 

In recent studies of the sensitivities of virus DNA to disruption by 
pancreatic DNAase, Miss H. Barner and I have observed that the 
T2r+ DNA loses its integrity only slightly less slowly than does thymus 
DNA. T4r* and T6r* are cleaved more slowly than is T2r+. Although 
the DNA’s of T4r+ and T4r were cleaved at comparable rates, three 
different samples of the DNA of T6r were degraded less rapidly than 
three samples of the DNA of T6rt+ (Fig. 3). The DNA of T2r also 
seemed to be cleaved less rapidly than that of T2r+. In general, then, 
the resistance of virus DNA to DNAase correlates fairly well (in all 
but one case) with their glucose contents. However, when the terminal 
products of DNAase degradation were studied in the ultracentrifuge, 
the phage nucleic acids did not contain fragments much larger than 
the products of degradation of thymus DNA. 

Thus the nucleic acids of these viruses possess new and unique 
chemical configurations. The presence or absence of glucosylated HMC 
nucleotides appears to be important in determining the survival of 
virus DNA in certain bacterial hosts. Both the configuration and this 
property are heritable, which means in this instance that in compelling 
the synthesis of DNA like that of the parent, it is not only necessary 
at least to decide the position of the bases but also whether to put 
glucose on one of them or to select one of two types of HMC nucleotide. 
It must be admitted that no theory of DNA structure has yet proposed 
a mechanism for this addition or withholding of glucose from HMC 
or for the selection of one or the other HMC nucleotide. 

From the point of view of the enzymologist, the glucose should not 
be present in the first place. If, in the glucosylated HMC nucleotide, 
the presence of glucose inhibits the action of phosphatase, it might be 
expected that the presence of phosphate would inhibit the addition of 
glucose, if this addition occurs at the nucleotide level. Conversely, 
the addition of glucose at the nucleoside level ought to inhibit a sub- 
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sequent phosphorylation. However, since the compounds exist and 
one of these reactions must proceed, it will be interesting to see which 
one is permitted in virus-infected E. coli. 


Tue TRANSFER OF GENETIC INFORMATION 


After the DNA is inserted into the bacterium it is necessary to 
follow its initial steps and those essential to multiplication. By means 
of a very sensitive radioautographie technique Levinthal (50) has 
followed the P?2-labelled DNA of individual phage particles through 
three infectious cycles involving phage adsorption, multiplication, and 
liberation. Since he could detect significantly labelled DNA in the 
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progeny despite the formation of more than 1000 virus particles, he 
was able to conclude that a fairly large fragment of virus DNA was 
maintained intact. Furthermore, he determined that in the first trans- 
fer this unit possessed a molecular weight equal to 40 per cent of the 
size of the parental DNA, and that in the second generation derived 
from the progeny of the first cycle, a phage was obtained containing 
20 per cent of the original parental radioactivity. In this step, the 
40 per cent fragment was cut in half; however, in subsequerit genera- 
tions the 20 per cent fragment was maintained as a unit. Levinthal 
has suggested that this unit is the viral “chromosome” and the bearer 
of genetic information. 

Stent, Jerne, and Sato (61) have also followed the initial steps in 
the transfer of DNA labelled with P*? sufficiently radioactive to pro- 
duce destruction of the genetic material at a rate proportional to 
radioactive decay. As will be discussed later in this symposium, 
they have also observed a non-random transfer of some large DNA 
fragments, without however concluding that the big piece rather than 
the small pieces is necessarily the basis of the continuing replication. 

Indeed the work of Stent and Fuerst (60), who used highly radio- 
active phage to study the transfer of the information necessary for 
phage synthesis, has suggested that immediately after insertion of the 
DNA, the genetic information is transferred to a non-DNA moiety. 
P??-labelled cells were infected in P®? medium with P®?-phage and on 
immediate storage at —197° C. the ability of the infected cells to 
produce phage could be shown to decrease as a function of radioactive 
decay. After a few minutes of intracellular phage development, how- 
ever, the ability of these cells to produce phage became independent 
of radioactive decay. One hypothesis to explain this result states that 
the code for phage production was transferred to moieties free of P, 
perhaps to protein. 


SomE RELATIONS OF PROTEIN SYNTHESIS AND DNA SYNTHESIS 


It was shown almost 10 years ago that the infected cell continues 
to make protein from the moment of infection (8). This result was 
confirmed by following the incorporation of S*° from inorganic sulfate 
into the acid-precipitable fraction of infected cells (37). However, it 
was found that only about 10 per cent of the sulfur incorporated by 
the cells during the first 5 minutes after infection appeared in the 
mature phage, whereas 50-60 per cent of the sulfur incorporated at 


662 THE CHEMICAL BASIS OF HEREDITY 


later times appeared in phage. These results implied the synthesis of 
at least two kinds of protein in the infected cell, and it was even sug- 
gested that early protein synthesis was not directly related to phage 
multiplication, perhaps being concerned with the repair of the cell 
wall, which has been observed to be degraded during virus penetration. 
However, it had been shown in 1947 that the early protein synthesis 
was essential to the production of phage DNA. Thus it had been 
demonstrated that the amino acid analogue, 5-methyl tryptophan, 
which inhibits protein synthesis, can prevent the development of 
bacteriophage T2 and the net synthesis of DNA in infected EF. coli, 
both observations indicating that the synthesis of DNA was dependent 
on the synthesis of protein (8, 18). The action of the analogue was 
reversed by tryptophan, and it was also demonstrated by means of 
reversal experiments that the requirement for tryptophan existed 
throughout the latent period (18, 54). 

These results have recently been confirmed and extended by Burton 
(7), who has also shown by means of 5-methyl tryptophan, as well as 
with amino-acid-requiring mutants, that if the initial protein synthesis 
is permitted to occur and subsequently is inhibited, the synthesis of 
phage DNA (containing HMC) can proceed in the absence of con- 
tinuing protein synthesis. The further processing of this DNA into 
intact phage requires the additional synthesis of protein. Comparable 
results have also been obtained by Melechen and Hershey (34) and 
by Tomizawa and Sunakawa (63), who used chloramphenicol as an 
inhibitor of protein synthesis. In uninfected bacteria, chloramphenicol 
also inhibits the synthesis of bacterial protein without inhibiting the 
synthesis of bacterial nucleic acid (27; 70). 

The possibilities that genetic specificity initially embodied in DNA 
is transferred to protein before nucleic acid synthesis can begin and 
that the proteins are the models for subsequent DNA synthesis are 
clearly at odds with the Watson-Crick replication scheme. It is also 
conceivable that the early inhibition of protein synthesis introduces 
a nonspecific metabolic block, unrelated to the question of genetic 
specificity.> In this sense, then, the problems of the genetic nature of 
the early protein synthesis and the isolation and identification of the 
newly formed peptides are crucial questions in developing our under- 
standing of the mechanisms of specific DNA synthesis, 

Early studies of the net synthesis of DNA in T-even infected cells 
had revealed that after cessation of DNA synthesis for 7 to 8 minutes 
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(8) a markedly stimulated constant rate of DNA synthesis occurred.® 
Most of the newly formed DNA was actually incorporated into virus. 
These results were then subjected to a most careful scrutiny, as the 
following history will indicate: 


The group at the University of Chicago demonstrated that in in- 
fected cells, bacterial DNA was degraded to the nucleoside level, at 
least in part, and that these fragments were then converted into virus 
DNA (46). Weed and I subsequently found that most of the degraded 
bacterial DNA appeared in the first quarter of phage particles pro- 
duced in an r+ system (68). We also showed that the cytosine of 
host DNA was converted to virus HMC (20). It was then asked 
whether the observed pattern of net synthesis did not obscure the 
true pattern of virus DNA synthesis, which may actually have begun 
from the moment of infection, even as protein synthesis did. 


An examination of the rates of disappearance of cytosine and of 
appearance of HMC in the DNA of infected cells revealed an appar- 
ently reciprocal pattern (36). These results of Hershey et al. have 
occasionally been interpreted to suggest that the synthesis of DNA 
containing HMC starts with infection. A careful examination of the 
published data, however, reveals the existence of a short lag in syn- 
thesis even in these experiments (36). The time of appearance of 
HMC-containing DNA in infected cells has been carefully reexamined 
by Vidaver and Kozloff (pers. commun.) by following the incorpora- 
tion of isotope of a C14-labelled carbon source into the HMC and 
thymine of DNA in infected cells. This study has clearly revealed a 
lag of 5 to 9 minutes in the synthesis of this DNA. A complete analyti- 
eal equality was obtained between the formation of virus DNA and 


5 That the early protein synthesis is directly involved in the multiplication 
process has been indicated by experiments with ultraviolet radiation. Irradiation 
of phage-infected cells reduces the number of cells which can yield phage. The 
radiation sensitivity of these systems decreases in the early stages of the latent 
period, prior to the formation of intact phage. Burton (7) has also shown that 
this decrease in sensitivity in early stages of multiplication, prior to the formation 
of intact phage, requires protein synthesis, while Tomizawa and Sunakawa (63) 
have demonstrated that the nucleic acid synthesis in the absence of protein 
synthesis does not then increase the radiation sensitivity of infected cells. 

©The linear kinetics of DNA synthesis and of phage formation may merely 
reflect. the existence of some rate-limiting step, such as the supply of DNA pre- 
cursors, rather than a basic characteristic of viral multiplication. On the other 
hand, the rate of DNA synthesis might be determined by the number of geneti- 
cally specific protein templates elaborated prior to the inception of DNA synthesis, 
as has been suggested by the results of the chloramphenicol experiments (63). 
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net DNA synthesis in their system. The observed lag in virus DNA 
synthesis is of course consistent with the requirement for a prior 
protein synthesis. 


On RNA SyNTHESIS IN INFECTED BACTERIA 


Approximately a decade ago it was shown that the RNA content of 
infected cells did not increase (42). The incorporation of P®? into the 
nucleic acids of infected cells was also studied in order to test the 
hypothesis that RNA was or was not converted to DNA (9). Our data 
showed that after an hour the RNA fraction contained about 2 per cent 
of the activity of the DNA. However, it was thought, in that era before 
the ion exchange, ionophoresis, and chromatography of nucleotides, 
that this small amount of radioactivity probably arose from contami- 
nation of the RNA fraction by other P*?-containing materials. 
Although the possibility was considered, it was believed unlikely that, 
if the RNA was indeed labelled, a turnover of this small fraction 
could account for the large amount of DNA produced. Several years 
ago, Hershey obtained evidence to suggest the incorporation of P%? 
in RNA (32). It remained for Volkin and Astrachan (65) to prove 
recently that the P?2 was indeed incorporated into RNA nucleotides, 
including that of cytosine. However, the extent of incorporation, in 
contrast to that into DNA, was as small as that described earlier, 
Although this result does not demonstrate a functional role of RNA 
synthesis in virus production, the distribution of radioactivity in the 
RNA nucleotides is most suggestive, i.e., the P32 contents of adenine 
and uracil nucleotides are equal and about 11% to 2 times those of the 
equivalent guanine and cytosine nucleotides. These ratios more nearly 
resemble the ratios of adenine and thymine and of guanine and HMC 
nucleotides in virus DNA than the ratios of the RNA bases of the 
host bacterium. Evidently a study of the turnover rate of these newly 
synthesized RNA nucleotides and measurement of the extent of the 
conversion to virus DNA would be very important at the present time. 


ON THE ForMATION oF Intact Virus 


In an early experiment carried out in conjunction with Dr. <A. 
Doermann, it was observed that the net synthesis of DNA (now 
known to be equivalent to phage DNA) preceded any detectable for- 
mation of intracellular phage by several minutes. The formation of 
both materials paralleled each other in the infected cell (36). Hershey 
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has since shown, by means of a “pulse” experiment using P#?, that this 
DNA is indeed incorporated into phage, and he has estimated the size 
of this precursor pool of DNA (32). The final organizing steps to 
complete the virus are not clear, but some interesting experiments 
bear on this point. 

If infected cells are treated with proflavin, protein and DNA syn- 
thesis proceed, as does lysis. However, the lysate in that case does 
not contain intact virus but instead contains bits of tail protein, 
soluble HMC-containing DNA, and empty phage heads. This picture 
is also observed when infected cells are disrupted at certain stages of 
the latent period (51). The questions which are posed by these results 
include the following: Was the soluble DNA contained in the phage 
head and did it subsequently leak out? If so, was DNA or outer skin 
an organizer for the other or were both made separately? 

Studies of the sizes of the DNA and protein-precursor pools have 
revealed that the former is considerably greater (37), a ratio suggesting 
that the DNA need not be formed within an intact phage skin. An 
elegant experiment of Melechen and Hershey (33) has revealed that 
the very large pool of virus DNA which can be made in the presence 
of chloramphenicol can subsequently be encased by the protein which 
the infected cells make when the chloramphenicol is removed from the 
system. However, as Hershey pointed out, this experiment does not 
exclude the possibility that nucleic acid was initially made in a very 
thin protein membrane or that such a protein was removed prior to 
the next steps leading to the final enclosure of DNA in protein. 
Although such possibilities may appear unlikely, the alternatives are 
also unlikely. If one conceives of the formation of the precursor pool 
in solution, it seems reasonable to expect that this polymer will be 
formed as extended molecules. The manner of their subsequent com- 
pression to fit within the phage head, the synthesis of whose proteins 
they have presumably directed, then becomes the next question, unless 
it is postulated that the DNA is indeed made within a very thin protein 
skin. It is easy to see that compared to these problems of model build- 
ing, the molecular models of the Watson-Crick era can be considered to 
be child’s play. It should certainly be possible to distinguish between a 
free or enclosed DNA, if it proves possible to disrupt the cells without 
introducing artifacts. Perhaps a modification of Behren’s technique of 
disruption and fractionation in anhydrous solvents will help to solve 


this problem. 
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I wish to comment briefly on the well-known inertness of DNA, 
revealed in an apparent lack of turnover of DNA phosphorus, since this 
inertness bears on the problem of organizing protein synthesis. In view 
of the schema now being promulgated for the formation of nucleotide 
anhydrides of the amino acids, it is a very simple matter to draw a pic- 
ture in which the DNA or RNA nucleotides are held in position by 
hydrogen-bonding of their bases to another nucleic acid or protein. 
The internucleotide diester linkages could then be cleaved to produce 
diphosphates which might form the desired amino acid anhydrides. 
The base-catalysed condensation of the latter to peptides can pre- 
sumably free the nucleotides for the regeneration of the phospho- 
diesters in the same position as they previously existed and with the 
same phosphorus atom bridging the internucleotide gap. In brief, then, 
if such a picture approximates reality an apparent lack of turnover 
of P** in the nucleic acids need mean very little concerning their poten- 
tially high metabolic and organizing activity. 


INTERMEDIARY METABOLISM OF THE Nucueic Acips 


We have been interested in the controlling mechanisms which permit 
the T-even viruses to compel the host bacteria to redirect their activi- 
ties to support the multiplication of virus. Accordingly we have been 
exploring some aspects of the intermediary metabolism of the nucleic 
acids as our major interest since about 1948. The particular areas in 
which we have concentrated were determined by a few working 
hypotheses concerning the nature of the controlling mechanisms. The 
validity of these hypotheses is by no means unequivocally demon- 
strated. 

In our limited experience the most difficult problems in this field 
do not arise from a dearth of demonstrable enzymatic reactions; on 
the contrary, the main difficulty seems to be that there are too many 
such reactions to be found in cell=free systems or which can otherwise 
be demonstrated. Having observed a number of alternative pathways 
which form or depart from whatever compound is conceived to be 
interesting, the problem which must be faced is whether those reac- 
tions actually operate in the biological situation under investigation, 
and if so, to what extent. It is in this sense that enzymology consti- 
tutes only a small basic fragment of the discipline of biochemistry. 

Our first efforts to understand the apparent cessation of RNA syn- 
thesis and the stimulation of viral DNA synthesis were directed toward 
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an exploration of the utilization or nonutilization of different pathways 
of glucose metabolism which could be expected to produce ribose 
phosphate and deoxyribose phosphate. Evidence was obtained to 
show that, in the intact cell, infection did reduce the degree of utiliza- 
tion of the oxidative phosphogluconate pathway (11), a pathway 
mainly responsible for ribose production in growing EF. coli (47). 
However, it was also possible to show that virus infection did not 
directly inhibit the enzymes of the phosphogluconate pathway (19). 
As interesting as the problems of glucose metabolism in HZ. coli have 
proved to be, and despite the esthetic pleasures afforded by discovering 
new isomerases and kinases at every turn, it has seemed necessary to 
look elsewhere for the site of control of the pathways. 


Before discussing our present working hypotheses, I call attention 
to our additional observation that, in growing bacteria, deoxyribose 
may well be formed from ribose derived from phosphogluconate, 
whereas the over-all pathway for deoxyribose formation from glucose 
in infected cells is evidently different (48). When glucose-1-C!* is 
fed to growing cells, the specific activities of the ribose of RNA and 
the deoxyribose of DNA are comparable (0.23-0.25 of the radioactivity 
of the exogenous glucose). When glucose-1-C™ is consumed by in- 
fected cells, the specific activity of the deoxyribose is at least doubled, 
to about 0.5. A new pathway for the formation of deoxyribose phos- 
phate formation is operating, e.g., by means of a condensation of 
acetaldehyde and triose phosphate, or newly formed ribose no longer 
stems from the phosphogluconate pathway to the same relative degree 
prior to conversion to deoxyribose. In the former instance, the amount 
of radioactivity in deoxyribose might also suggest that the deoxyribose 
of pyrimidine deoxynucleotides may arise by a route different from 
that of the purine deoxynucleotides. This possibility is being tested at 
the present time. 

That virus infection possibly opens a new pathway for DNA forma- 
tion is also suggested by the observations of Herriott (31). When 
E. coli treated with mustard gas to block DNA synthesis is infected 
with phage T2, DNA synthesis is reactivated. 


PYRIMIDINE BIOSYNTHESIS IN INFECTED CELLS 


The discovery of HMC has led to another hypothesis of the mecha- 
nism of controlling RNA and DNA synthesis, and one which appears 
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to be consistent with the existing data. Since virus DNA does not 
contain cytosine and the infected cell converts the cytosine of host 
DNA into viral HMC, it is suggested that the hydroxymethylation of 
the deoxyriboside of cytosine or of a cytosine derivative is an irre- 
versible trap for this pyrimidine (12). The entrapment and resulting 
deficiency of cytosine derivatives could account for the failure of 
cytosine-containing nucleic acids (host RNA and DNA) to accumu- 
late in virus infection. Consistent with this idea is the finding that 
hydroxymethyl! pyrimidines and their deoxyribosides cannot fulfill the 
pyrimidine requirements of pyrimidineless strains of EH. coli (12), Le., 
the hydroxymethyl group cannot be released so as to form the required 
pyrimidines. 

It is a consequence of this hypothesis that HMC formation cannot 
occur in normal cells in significant amounts, or else the cell would be 
compelled into a pathological path of synthesis. The formation of 
HMC or an appropriate derivative is then conceived to arise in infected 
cells in a reaction normally inhibited in growth or induced by infec- 
tion, either as a result of the virus supplying an inducing agent, a 
coenzyme, or the enzyme itself. In any ease it will not be possible to 
determine just what happens until the enzymatic steps necessary to 
form HMC can be unravelled as a preliminary to a test of these 
hypotheses. As will be seen, the solution of this problem also appears 
to be tied to the problem of the origin of thymine. 

In £. coli, free uracil or cytosine or their nucleosides readily enter 
the uracil and cytosine of bacterial RNA and the thymine and cytosine 
of bacterial DNA (37, 57). Since free thymine and thymidine are not 
utilized significantly by #. coli strain B, the common host in our 
metabolic experiments on DNA synthesis (57), it was concluded that 
formation of the thymine deoxyribotide occurs in normal cells at the 
nucleotide level. However, in the conversion of labeled bacterial DNA 
to viral DNA, the presence of exogenous thymidine markedly dimin- 
ishes (by about two-thirds) the conversion of preformed thymine in 
bacterial DNA into viral thymine (37). Reactions at the nucleoside 
level are evidently more capable of being handled in the economy of 
the infected cell than in that of growing cells. 

This result might ensue if the hydroxymethylation to HMC and the 
methylation to thymine now occurred mainly at the nucleoside level. 
This could produce a shift of metabolism to mechanisms favoring the 
formation of deoxyribose-1-phosphate, essential for deoxyriboside for- 
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mation. Thus uracil would condense with deoxyribose-1-phosphate to 
form deoxyuridine, which can presumably be aminated to form deoxy- 
cytidine. One or the other deoxyriboside, it is proposed, is a primary 
precursor of HMC deoxyriboside and of thymidine in infected cells. 
The deoxyribose-1-phosphate would be generated from deoxyribose-5- 
phosphate, the condensation product of acetaldehyde and triose phos- 
phate. The latter would arise with greater ease from the Embden- 
Meyerhof scheme rather than from the phosphogluconate pathway, 
and would possess a higher labeling as a consequence of being derived 
from glucose-1-C'4 via the Embden-Meyerhof scheme. 


Our concern with the deoxyriboside level is dictated by two other 
facts. Free HMC is not appreciably incorporated by infected cells 
(12). H#. coli will not incorporate nucleotides without prior dephos- 
phorylation (49). The latter point does not exclude the pyrimidine 
deoxyribotides as the major level at which hydroxymethylation and 
methylation occur but only suggests that it might be easier to attack 
the nucleoside level first. Finally, since these critical events might, 
actually occur at this level, as the previous discussion has indicated, 
we are exploring these pathways first. 

Tt might be thought that this elimination of two of the three possible 
levels of base metabolism is a great simplifying factor. It is so, of 
course, but our choices for study are still rather extensive, as indicated 
in Fig 4. In addition, the following observations condition our think- 
ing: Cytosine contained in bacterial DNA will serve as precursor for 
both viral HMC and thymine, while bacterial thymine will not be 
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Fic. 4. Possible interrelations of pyrimidine metabolism. 
R = deoxyribosyl moieties. 
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transformed to HMC (68). The B-carbon of serine can form both the 
hydroxymethyl group of HMC and the methyl group of thymine (20). 

When methyl-labeled methionine was fed to a methionine-requiring 
organism during growth and virus-infection, the methyl group of 
thymine was not derived from the methionine although the amino acid 
was incorporated into bacterium and virus, respectively (M. Green 
and §. 8. Cohen, in press). It was also shown that the hydroxymethyl- 
carbon of S-hydroxymethyl homocysteine did not enter HMC or 
thymine. In view of the above the following possibilities can be 
considered: 

(1) deoxycytidine may be converted directly to HMC deoxyriboside; 

(2) deoxycytidine can be deaminated to deoxyuridine by the active 
pyrimidine nucleoside deaminase of EH. coli, then hydroxymethylated 
to hydroxymethyluracil deoxyriboside, which may finally be aminated 
to HMC deoxyriboside; 

(3) hydroxymethyluracil deoxyriboside may then be converted to 
thymidine, a possibility which appears to have been excluded recently 
by several workers; 

(4) HMC deoxyriboside may be converted to 5-methyl cytosine 
deoxyriboside, which is then converted to thymidine. 

We have recently obtained some data which bear on the last possi- 
bility. 5-Methyl cytosine has never been observed in bacterial DNA. 
This situation might oecur either if it were not formed or if the com- 
pound or its derivatives were metabolized and not permitted to accu- 
mulate. Miss H. Barner and I have isolated 5-methyl cytosine deoxy- 
riboside. The compound is deaminated by the deoxycytidine deaminase 
of F. coli at low concentrations at a slightly greater rate than is 
deoxycytidine. Indeed, it is conceivable that the enzyme ought to be 
called a 5-methyl deoxyeytidine deaminase. The product has been 
demonstrated to be thymidine. The 5-methyl deoxyeytidine does pro- 
mote the growth of our thymine-requiring strain of E. coli at a rate 
equal to that supported by thymidine. It may therefore be asked quite 
seriously whether this compound is not a normal precursor of thymi- 
dine in bacteria. 

Before attempting the hydroxymethylation of deoxycytidine and of 
deoxyuridine, an additional set of circumstances appears relevant. 
EF. coli strain 15,— requires either thymine or thymidine, or a precursor 
of these, for growth. On infection by T2r+, the very low ability of 
15y— to make a hydroxymethyl] cytosine (the pyrimidine of thiamine) 
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and thymine (about 2 to 4 per cent of its normal requirement) is 
enormously expanded to permit the synthesis of HMC and thymine 
for virus synthesis (2). Since this ability to open other metabolic 
blocks has not been observed after infection by any other mutant, 
it has seemed possible that in this instance virus infection has opened 
some reaction leading to a common precursor of both compounds. 

Our system of hypotheses has accordingly been expanded to propose 
that the conversion of the hydroxymethyl group to the methyl group 
occurs on a pyrimidine deoxyriboside. To facilitate the removal of 
oxygen as HO, in keeping with other biochemical deoxygenations, the 
existence of dihydropyrimidine nucleosides is suggested. Additional 
reactions then become possible, as elaborated in Fig. 5. 
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Fic. 5. Postulated steps in the formation of HMC and thymine deoxyribosides. 


Even with this simplifying guess, at least two series of compounds 
are possible, one at the aminopyrimidine level and the other at the 
hydroxypyrimidine level. Dr. M. Green and I elected to work at first 
with the dihydrouracil compounds primarily because it was reported 
that deoxyuridine could be converted to thymidine (25). In any case 
dihydrouracil derivatives have proven to be easier to prepare than the 
cytosine derivatives. Crystalline dihydrodeoxyuridine and dihydro- 
thymidine have been made as well as dihydrouridine (29). 
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None of these compounds has yet revealed any significant biological 
activity. Dihydrodeoxyuridine is not cleaved by pyrimidine nucleoside 
phosphorylase, although the glucosyl] linkage is far more labile than 
in deoxyuridine. The compound does not fulfill the uracil requirements 
of several uracil-requiring strains of £. coli nor the thymine require- 
ment of strain 15~_. Radioactive dihydrodeoxyuridine, prepared by 
exchange of uracil-2-C! and deoxyuridine followed by subsequent 
hydrogenation and crystallization of the nucleoside, was not converted 
to thymine by any of 6 systems, which have included growing bacteria 
or virus-infected organisms. The compound was metabolized to the 
nucleotide level by strain 15y_, but its metabolism apparently stopped 
there. 

The syntheses of dihydrocytosine and its nucleosides have recently 
been completed. The isolation of this series is much more difficult, 
since the amino group of the dihydro compounds hydrolyses spontane- 
ously. Fairly clean products have been obtained and are being tested 
at the present time. It can be reported at this time that the pyrimidine 
nucleoside deaminase is quite inactive on the dihydrocytosine nucleo- 
sides and that these compounds do not fulfill pyrimidine requirements 
in our deficient organisms. 

In addition, the preparation of the dihydro-hydroxymethyl deriva- 
tives has begun. Our optimism concerning the possible intermediary 
role of these compounds is dragging only slightly and is periodically 
stimulated both by the reminder that labelled cytidine was reported 
to be converted to dihydrocytidylic acid via dihydrocytidine in liver 
(30), and that the schema looks well on paper. 

This portion of my discussion has merely endeavored to underline 
the fact that when viewed at the level of intermediary metabolism the 
biological task of switching bacterial growth to virus multiplication 
poses many still unsolved biochemical problems. These include such 
important subjects as the control of the metabolism of glucose, pentose, 
and deoxypentose, the routes and mechanisms of nucleotide formation, 
the nature of amination, hydroxymethylation, of methylation in the 
pyrimidine series, ete. Furthermore, these problems must be solved in 
terms which will describe a single organism in a defined biological 
state. It should be noted that solutions to these problems are essential 
to an understanding of the chemical basis of parasitism and inheri- 
tance in the one system we know most about. 
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Nucieic Actin SYNTHESIS IN A THYMINE-ReQuiIRING BACTERIUM 


Problems of the localization of the sites of synthesis of nucleic acid 
have been considered in detail elsewhere in this symposium. Some of 
these data may be summarized as follows. Enucleated cells may pro- 
duce RNA, containing new nucleotides, as evidenced by the incorpora- 
tion of radioactive orotic acid into RNA (5). However, net synthesis 
has not yet been observed in enucleated systems. Certainly, intact 
cells make far more RNA than do enucleated systems. The production 
of this material in the nucleus and the subsequent transfer of nucleo- 
tides in some as yet undetermined state from nucleus to cytoplasm 
has been described (28). 

The beautiful results obtained in the laboratories of Brachet and 
Mazia stem from their application of ultra-micro-methods to very 
small numbers of carefully selected cells, such as amoebae or Acetabu- 
laria. Most biological systems used for studying the possible inter- 
relations of RNA and DNA synthesis present difficulties of interpreta- 
tion. On the other hand, the material exploited by the schools of 
Brachet and Mazia are not easily adapted to an analysis of genetic 
change. 

In recent years, Barner and I have studied the nucleic acid metab- 
olism and some physiological properties of pyrimidine-requiring strains 
of E. coli. These strains were collected to facilitate the study of HMC. 
It appears that some pyrimidine-requiring organisms possess certain 
attributes which can permit both the separate control of DNA and 
RNA synthesis and also some measure of analysis of genetic change. 
Our work in this direction began with EZ. coli, strain 15,-, a thymine- 
requiring strain. The organism had originally been isolated by Roepke 
after a painstaking testing of the survivors of an ultraviolet irradia- 
tion of strain 15. The organism has only the single deficiency and 
grows well in a glucose-ammonium-salts medium supplemented by 
thymine. At first the organism was used to test possible thymine pre- 
cursors and it is still being used in this way. A more intensive interest 
began when it was observed that T2 infection released the block in 
thymine synthesis (2). 

In contrast to most auxotrophs (e.g., amino acid-, purine-, or uracil- 
deficient strains) which merely stop dividing but remain viable in the 
absence of their requirement, this organism lost the ability to multiply, 
or “died” in the absence of thymine in an otherwise complete medium. 
The omission of other elements of the complete synthetic medium 
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prevented death; in other words, the metabolism of glucose, nitrogen, 
and phosphate was essential to the killing process. Omission of thy- 
mine alone produced a lag of 25 to 30 minutes, during which the viable 
count remained constant. This was followed by a decrease in viable 
count at the rate of about 90 per cent division time (2), as presented 
in Fig. 6. The loss of the ability to multiply was irreversible, as 
determined by plating on both simple and complex media containing 
thymine. 
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Fic. 6. The death.of EF. coli, strain 151— as a result of thymine deficiency. 





Cells which had lost the power to multiply had increased in length 
and diameter. They had at least doubled their protein and RNA con- 
tent while their DNA content had increased at the most by a few 
percent. We have used the term “unbalanced growth” to deseribe this 
pathological synthetic pattern. 

In media containing labelled glucose and lacking thymine, strain 
15~— made uracil, orotic acid, and hypoxanthine, which appeared in 
the medium among very small amounts of other compounds. Uracil 
was the major product excreted, to the extent of several micrograms 
per ml. in 2 hrs. by 10° bacteria. It was shown that the deficient 
bacteria could make 2 to 4 per cent of their normal thymine require- 
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ment; the newly made thymine appeared in the nucleic acid fraction. 

We and numerous other workers have found the thymineless bacteria 
useful in studying a number of different problems. For example, it 
could be shown that the induced biosynthesis of a number of enzymes, 
e.g., xylose isomerase (16), beta-galactosidase (59), and nitrate re- 
ductase (66), could occur under conditions of thymine deficiency. 
These results suggest that such enzyme synthesis is independent of 
DNA synthesis and presumably occurs in the cytoplasm. 

When thymineless bacteria are deprived of thymine for the period 
in which the viable count does not change, the cells have greatly 
increased their cytoplasmic constituents, e.g., RNA and protein, and 
have achieved a state in which a critical cellular event is either pre- 
vented from occurring or occurs in a pathological way. If thymine 
is added at this point, the cells do not die. The viable count remains 
constant for an additional 30 min., during which time the DNA ap- 
proximately doubles. At this point 70 to 100 per cent of the cells 
rapidly divide; during division, DNA synthesis stopped. A second 
cycle of DNA synthesis and division quickly follows on the first cycle, 
as if to catch up with the excess cytoplasm which has been formed in 
the initial 60 minutes without division. Although synchrony is obscured 
in the second division, it has been observed to be more pronounced in 
the third and fourth cycles. No phasing of RNA synthesis has been 
observed in this system, although the phasing of both nucleic acids 
was obtained by Lark and Maalge in bacteria synchronized by tem- 
perature shocks (6). 

A duplication of DNA before the onset of division has been observed 
in many other systems, and it can be seen that in this respect these 
bacteria resemble plant and animal systems. 

It is a very simple matter to establish this situation in this organism 
for purposes of correlating chemical and genetic events, since large 
cultures may be deprived of thymine and started instantly merely by 
the addition of the pyrimidine. At the present time we have used this 
system in two unrelated studies, and these are mentioned only to indi- 
cate some of the opportunities for study made available by such 
synchronized cultures. Synchronized cultures of 15,— have been in- 
fected with T2 at several stages of division. The course of multiplica- 
tion of the virus appeared to be independent of the stage of division 
of the host cells. 

In study of the sedimentation behavior of extracts of bacteria at 
different stages of division, it was observed that a characteristic cen- 
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tral component (S29 == 22-24) of the schlieren pattern disappears dur- 
ing division and is replaced by a new component (Seo = 14). The latter 
has not been observed under any other condition. Following division 
the new component disappeared, to be replaced by the familiar large 
polymer. 

Fuerst and Stent (26) have used 157— for the specific incorporation 
of highly radioactive P*? in the presence and absence of thymine. The 
incorporation of P?2 into both nucleic acids in the former case pro- 
duced a high degree of lethality as a function of radioactive decay. 
In the latter case, only slightly less P?? entered the organisms and 
very little entered the DNA. In the latter case, radioactive decay was 
only about one quarter as effective in killing the organism. 

Amino acid auxotrophs of strain 15y;— have also been isolated, and 
experiments have been begun on the separation of protein and DNA 
synthesis in these double mutants. For example, if bacteria possessing 
phenylalanine and thymine requirements are grown on a complete 
medium, it is possible to compare the effects of removing one or the 
other requirement, or of determining the effects of preincubation on 
the system. Some results of this type are summarized in Table 1. 

















TABLE 1 
PERCENTAGE INCREMENT IN 60 MINUTES 
DNA RNA Protein 
Normal growth +137 +144 +133 
+T—oA + 49 0 2 
—T+oA 0 +116 +100 
Preincubation 
with bA 
+T—oA + 77 0 + 24 
aT hak ho411 + 68 + 44 
serif Oa 2k 0 0 + 13 
Preineubation 
with T 
+T—oA .+ 21 + 20 + 16 
Ae pA + 18 +175 + 90 
—T—oA + 18 + 17 + 15 





T = thymine; ®A = phenylalanine. 


It can be seen that in the presence of thymine and in the absence of 
amino acid the net synthesis of DNA may occur without any apparent 
synthesis of RNA. In such a system it is evidently important to 
reexamine this question from the point of view of the possible turnover 
of RNA. It is of interest that a 30-minute preincubation with 
phenylalanine permits an increased synthesis of DNA in the présence 
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of thymine alone. In the absence of thymine, the presence of amino 
acid produces a joint synthesis of RNA and of protein, the synthesis 
of RNA always being disproportionately larger than that of protein. 
It is difficult to say how much further we can go in separating the 
syntheses of DNA, protein, and RNA.7 The easy manipulability of 
the specific nutritional deficiencies of these mutant organisms and the 
availability of various inhibitors such as chloramphenicol or 5-OH 
uridine suggest many obvious experiments. The performance of these 
experiments with synchronized cultures in specific stages of the division 
cycle will undoubtedly provide much new information on problems of 
integrated function and on the control of particular functions. 


The Induction of Thymine Deficiency. 


Bacteria, normally capable of synthesizing thymine, can be made 
incapable of this and other syntheses by cultivation in the presence 
of sulfanilamide (55) or of folic acid analogues such as Amethopterin 
(67). The folic acid deficiency of F. coli strain B, produced by sulfa- 
nilamide, can be partially replaced by a group of compounds contain- 
ing essential one-carbon fragments. These compounds include methio- 
nine, serine, histidine, a purine derivative, several vitamins, such as 
pantothenate, and thymine. As shown in Fig. 7, the elimination of 
thymine from the fortified medium results in death, whereas elimina- 
tion of the other compounds inhibits growth but does not kill (15, 17). 
In this manner, a bacteriostatic compound such as sulfanilamide can 
be converted into a bactericidal compound by limiting the specificity 
of the inhibition of synthesis to that of DNA synthesis, and thereby 
provoking unbalanced growth. 

Having induced thymine deficiency and death as a consequence of 
unbalanced growth in organisms other than strain 15,;-, it seems rea- 
sonable to suppose that these organisms may similarly have their 
divisions synchronized and be converted to experimental material 
suitable for making correlations of various synthetic processes and 
biological function. 


Thymine Analogues and the Synthesis of Abnormal DNA. 
Another approach to the control of DNA synthesis has involved the 
use of thymine analogues. A fairly extensive literature on plant sys- 
7A recent study of a methionine-requiring mutant of F. coli by Borek et al. 
(J. Bacteriol., 71, 318, 1956) has revealed that in the absence of methionine the 


organism will accumulate large amounts of RNA without synthesizing DNA or 
protein, and without leading to the death of the cell. 
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Itc. 7. Thymineless death in Z. coli strain B, grown in sulfanilamide + 
essential nutrients. 


tems has indicated that analogues such as 5-aminouracil, or even uracil 
itself, can induce chromosome breaks in onion root tips. When applied 
to bacteria several different types of effect of analogues have been 
observed. For example the inhibitor, 5-aminouracil, which is a thymine 
analogue, does not replace thymine in DNA. However, Dunn and 
Smith (23) have shown that, in the presence of aminouracil, a purine 
normally existing in very small amounts in the DNA of E. coli 
(6-methylamino purine) can be produced in considerable amounts and 
does replace thymine in the DNA structure. This phenomenon would 
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also not appear to be explicable in terms of the Watson-Crick scheme 
of DNA synthesis. 

If one of several 5-halogenated uracils, e.g., 5-bromouracil, is added 
to a medium in the presence of small amounts of thymine, growth and 
multiplication of the organism can occur in some cases. However, the 
bromouracil can now be built into the DNA up to a maximum of 
about 50 per cent of the thymine present, as shown by Dunn and 
Smith (22) and by Zamenhof (72). 

In our studies of the effect of 5-bromouracil on strain 15y-, the addi- 
tion of bromouracil and thymine at a ratio of greater than 3 to 1 
permits only a single division before the cells lose the power to 
multiply. In the absence of exogenous thymine, bromouracil inhibits 
killing slightly. Very long filaments are produced in which have been 
synthesized considerable RNA and a DNA containing bromouracil. 
Thus the use of thymine analogues leads frequently to the formation 
of pathological DNA, i.e., of DNA incapable of supporting chromo- 
somal continuity or of fulfilling the role of a tape in the recording or 
transmission of genetic information. 

The killing of 15,- by bromouracil is more readily inhibited by 
thymidine than by thymine, although the growth rate of 15,— is the 
same in the presence of thymine or of thymidine. In addition, the 
activity of thymidine in supporting growth is much more readily over- 
come by bromouracil deoxyriboside than by bromouracil. In this 
organism it would therefore appear that thymine is converted to the 
nucleoside level, thymidine, before formation of the nucleotide. Other 
strains of E. coli B, W, and 15, which do not appear to insert exogenous 
thymine into DNA, are not affected by even very large amounts of 
bromouracil deoxyriboside. Thus the inhibitor technique also appears 
to demonstrate the existence of alternative routes for the formation 
of thymine nucleotides, as discussed earlier. 


Mode of Action of Some Bactericidal Treatments. 


It is useful to sean a number of bactericidal treatments in terms of 
the observation that either the specific inhibition of DNA synthesis 
or the production of pathological DNA may lead to an irreversible 
damage to cell division. Such a survey is presented in Table 2. It can 
be seen that treatment with ultraviolet light, the nitrogen mustards, 
and penicillin alike produces a pathological pattern superficially very 
similar to that induced by thymine deficiency. Kanazir (40) has 
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observed that thymidylic acid is a major accumulated product in 
E£. coli after low doses of ultraviolet irradiation which specifically 
inhibit DNA synthesis (41). Barner and I have shown that metabolism 
and growth must follow quickly on ultraviolet irradiation to reveal 
the potentially lethal lesion (3). Otherwise the absence of growth 
permits repair. The effects of nitrogen mustard on nucleic acid syn- 
thesis in #. coli have been described by Herriott (31); reactions of the 
nitrogen mustards with DNA have also been recorded. It must be 
acknowledged that the literature is quite obscure on the question of 
the specific effect of penicillin on nucleic acid synthesis. However, it 
is of considerable interest that penicillin (and streptomycin as well) 
kills only under conditions in which cell growth occurs. It may be 
suggested as a working hypothesis that each of these bactericidal treat- 
ments creates blocks specifically in the metabolic chain leading to 
DNA synthesis and that death in each instance is a consequence of 
unbalanced growth. 


Inhibition of DNA Synthesis and Mutagenesis. 


One view of mutagenesis postulates that mutations arise as an error 
in the duplication process. This fitted the findings that mutations 
could not be induced in isolated and inert virus preparations, as well 
as the view that nucleic acids and particularly DNA are inert in non- 
dividing cells. However, several workers have obtained the perplexing 
result that under certain conditions the mutation rate in FH. coli is 
independent of the division time of the bacteria (24, 52). Spontaneous 
mutations have also been observed to occur in many types of non- 
dividing organisms (56). 

In the study of Novick and Szilard (52) it was also shown that 
certain normal metabolites, such as adenosine, might act as anti- 
mutagens. Koch (43) has postulated that compounds, such as theo- 
phylline, which inhibit nucleoside phosphorylases, produce their muta- 
genic effect by affecting the intracellular concentrations of metabolites 
of nucleic acid metabolism. Fox (24) has elaborated the studies of 
Novick and Szilard, and has shown that mutation rates tend to be 
higher in complex media than in simple synthetic media. So-called 
spontaneous mutations are thus seen to be dependent on the nutrition 
and hence on the metabolic activity of the organism. 

Two recent findings seem to bear most significantly on this problem. 
Zamenhof et al. (73) have found that bromouracil and thymine nucleo- 
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tides can exchange in non-dividing bacteria, a finding which shows 
clearly that DNA can be metabolically active in the systems studied, 

Coughlin and Adelberg (21) have found that the survivors of 
thymineless death (99% killing) in a thymineless-histidineless or- 
vanism have a 100-fold increase in mutation rate, Le., mutation may 
be induced in cells which cannot multiply because of the specific inhi- 
bition of DNA synthesis induced by a thymine deficiency. The in- 
creased number of reversions from histidineless to independence was 
shown not to be a selection process. Several pieces of evidence had 
previously seemed to suggest that the DNA of the bacterium was inert 
during unbalanced growth. The DNA did not change significantly in 
amount during thymine deficiency. Furthermore, analytical ultra- 
centrifugation of extracts of organisms killed by thymineless death 
revealed polymeric DNA in its usual position in the schlieren sedi- 
mentation pattern, and so indicated the absence of extensive degrada- 
tion. Nevertheless, the genetic material of these thymine-deficient, 
non-dividing, growing cells is clearly not inert. Indeed one might 
imagine that the same kind of disruptive event which was lethal to 
90 per cent of the cells per division time was also occurring to the 
DNA of the remainder of the cells. However, in the small surviving 
fraction the position of the lesion or repair permitted the organisms 
a non-lethal division. 

Barner and I have observed that killing stops after the thymineless 
death of 10° cells in a population of 10° cells per ml. Only 1 to 2 per 
cent of the survivors are reversions to thymine independence. The 
remainder are predominantly slow-growing organisms. It may be 
asked to what extent these leaky mutations are induced by thymine 
deficiency. 

This question is possibly of considerable practical significance. The 
folic acid analogue, Amethopterin, has been shown to inhibit the syn- 
thesis of DNA, and particularly that of thymine, in leukemic spleen 
to a much greater extent than the synthesis of RNA (1). The con- 
tinuing treatment of leukemia and other tumors with Amethopterin 
usually fails with the appearance of Amethopterin-resistant cells. In 
the light of the mutagenesis induced by thymine deficiency, it must 
be asked if these resistant cells have arisen as a consequence of the 
selection of spontaneous mutations, or as a result of mutagenesis 
induced by the treatment itself. It should be noted that there is a 
considerable similarity in the chemotherapeutic effects of Amethopterin 
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and that of radiation or of the nitrogen mustards which are known 
to be mutagens. 

The implication that the stability of inheritance or the occurrence 
of mutations may be determined to some extent by nutritional tech- 
niques and more particularly by metabolic reactions concerned with 
nucleic acid synthesis is an additional incentive for the exploration of 
mechanisms of the synthesis and degradation of the nucleic acids. Of 
all known areas of biochemistry, that of nucleic acid structure and 
biosynthesis seems to hold the greatest possibilities in determining the 
present and future of cells. It appears likely that pragmatic achieve- 
ments in the area of chemotherapy and mutagenesis have occurred by 
affecting one parameter or another of nucleic acid structure or bio- 
synthesis. We shall undoubtedly see a considerable increase in our 
efforts to convert pragmatic achievement to a more consciously directed 
control of the nucleic acids and the cells which they influence. Although 
at the present time some people believe that our urgent problems are 
more likely to be aided by reserpine and phenobarbital than by thymine, 
we seem to be approaching a position wherein research on the nucleic 
acids will possess a significance for the future of Man greater than 
merely that of improving the lot of a few biochemists. 
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RNA METABOLISM IN T2-INFECTED ESCHERICHIA COLI * 


Evuiot VoLtkKIn and L. ASTRACHAN 
Biology Division, Oak Ridge National Laboratory 


A RECENT report (3) describes the ability of T2-infected Escherichia 
coli to incorporate labeled inorganic phosphate into ribonucleic acid 
(RNA). It was demonstrated that in this system, where DNA and 
protein synthesis proceed at a vigorous rate, some metabolic activity 
of RNA does occur despite the absence of RNA net synthesis. By the 
virtual elimination of uninfected bacteria before the addition of 
isotopic phosphate, and by the unambiguous identification of isotopi- 
cally labeled RNA mononucleotides, we feel that these experiments 
are more conclusive than those reported previously and interpreted 
both for (1) and against (2) the concept of a metabolically active RNA 
in the host cell. 

Three points of interest were evident from the data in this report (3). 
First, it was observed that whereas the increase in RNA-P*? content 
was approximately linear with time in synthetic medium, in peptone 
broth culture the extent of isotope incorporated into RNA leveled off 
very quickly. Second, it was noted that at very short time intervals 
after the addition of P®°*O4, the amount of isotope accumulated into 
RNA was at least as great as that found in DNA, the DNA represent- 
ing the sole end-product of nucleic acid synthesis in this system. 
Finally, as a result of the analyses of alkali-produced RNA mono- 
nucleotides, it became evident that the isotope incorporation could 
not have resulted from a uniform activity of the host’s total RNA. 
Thus significantly higher specific activities were found associated with 
adenylic and uridylic acids than those found in cytidylic and guanylie 
acids (Table 1). 

Though other mechanisms may account for this last phenomenon, 
we have adopted the working hypothesis that a uniform synthesis of 
a minor species of RNA occurs, and the percentage of total radio- 
activity associated with each of the mononucleotides therefore reflects 


* Work performed under USAEC Contract No. W-7405-eng—26. 
686 


687 


ELLIOT VOLKIN AND L. ASTRACHAN 


: AYABISO]BUIOIYD VaSuBYoOXI-UOT AQ PpayRTOST stsAjorp 
€ | | I : [OST SISA] 


Ay oureyye Aq poonpoid sapryoajonuouour WNY ey} pus ‘poyeuonorsy AT[BoTUTaY) ‘peyBorpul satuT} ay} 4B 


“[N9 94} JO SjonbIPY "[W/;OT Jopun [Jam 0} ‘]WI/gOT JaAo WO. pasvavop pey uoreindod [Bl9}08 


PeAoulat d19M SaINy 
q pejooyutun ay} awry sty} YW 


‘Poppe SBA "Ozed OUVSIOUI pazt[eVajneu ‘1o}e] soyNUIt OAT ‘quewtiedxe urntpeut oljayjuAS oy} Ul [: 7g “yuautedxa YoIq 90} 
-dad oy} Ul “Zp, JO ores yndur fT: 7] ue yWIM popaoJal BOM YIMOIT OUVUIYILIBSOT UL VLIOJORG “q JO “B/(*oag/"s}o) oe Sonye A, 








8g 16 €$8 3s OGI 
6 TT 96S T'0G O'€T 0¢ o°8 08 79 09 
LL 6GI OTT SL £9 e Tl £6 ag 0€ 
ey OL VL Lg 6°¢ SGl c'6 U9 ST 
&G UP ae GG OT 
Phy Poy PPV eA PPV PPV Diy; PY e Uree) 
oyAuenry oYyApLy oTAuopy _ oyApndy oyAuene) oYApPL oTAUepYy oTApryAD uctTjooyuy 
juouLiodxyy wUNIpeyy orjayyUAG quowtiedxyy Yyorg ouo0\dog I-yyR OWL, 





SAILOATIANONOJY WN Y dO SaILIAILOY OldIdaag 


T HTaVL 


688 THE CHEMICAL BASIS OF HEREDITY 


the base composition of this species. This concept has been borne out, 
at least qualitatively, by the results of an approach designed at direct 
isolation of the host cell’s RNA-containing subcellular constituents 
(4). When enough time had elapsed for P*?O,4 to become incorporated 
into the infected cell, the bacteria were first fragmented by alumina 
grinding, and then two particulate components and a soluble portion 
of the extract were separated. The results of these experiments are 
shown in Table 2, whence it is evident that, in spite of quantitative 
uncertainties resulting from possible cross-contamination among frac- 
tions, labeling of the various RNA’s in the host cell had occurred in a 
heterogeneous manner. In addition, it should be noted that the specific 
activity of the P, fraction, because of probable contamination with 
relatively less active P. and S$ fractions, must be a minimal value, and 
may, in fact, be many times as high. 

The question arises as to the functional nature of the active RNA, 
since the T2 virus contains no RNA, and therefore no requirement 
exists for the net synthesis of this nucleic acid. The results in Table 1 
might fall in line with the notion that some RNA-phosphorus may 
serve as a precursor to DNA-phosphorus. It can be seen that the 
specific activities of adenylic and uridylie acids are about 11% to 2 
times as high as those of the cytidylic and guanylie acids and are 
therefore roughly in the same proportion to one another as the 
analogous mononucleotides of T2 DNA—18 cytidylic: 32 adenylic: 32 
thymidylic: 18 guanylie acids (5). Although no definite conclusions 
can yet be made about a possible RNA to DNA precursoral relation, 
evidence shows that some of the host’s RNA exhibits a biological turn- 
over, 1.e., synthesis and utilization (or degradation). If only a brief 
interval of P*? incorporation was allowed shortly after infection, it 
was observed that at the early time intervals the RNA quickly reached 
high levels of radioactivity, greatly exceeding the amounts entering 
the DNA. About 6 minutes after dilution of the isotope, the RNA 
isotopic content began a steady decrease, whereas the isotope continued 
to accumulate in the DNA. These observations are illustrated in 
Fig. 1, and the corresponding specific activity data of one such experi- 
ment are shown in Fig. 2. It should be mentioned that any conclu- 
sions based on a comparison of the specific activities of total RNA 
with DNA are probably useless, since the most active RNA of the 
host (P;-RNA, described) contributes only a very small fraction of 
the cell total RNA-phosphorus. These experiments have revealed still 
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T2 p32 px TIME (min) 


Fic. 1. lsotope Content of RNA and DNA after Short P3204 Pulse 


The figure represents data collected from three separate experiments, corre- 
sponding to the three different symbols. In order to reduce the initial phosphate 
concentration to a low level, peptone broth was largely depleted of inorganic 
phosphate by NH4MgP0O,y precipitation. Tris(hydroxymethyl)aminomethane was 
added for buffering, and the medium adjusted to pH 8.0. The final inorganic 
phosphate concentration was about 6 ug./ml., the total phosphorus concentration 
about 10 ug./ml. Bacterial growth and killing by phage infection (input ratio 
about 10/1) proceeded normally in this medium. Isotopic phosphate was added 
at 3 minutes, and at 8% minutes a 200-fold excess of phosphate buffer was added 
to virtually dilute out the P32. Analysis of aliquots was carried out in the usual 
fashion for total DNA and RNA mononucleotides. 
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Via. 2. Specific Activities of RNA and DNA after a Short P3204 Pulse 


The data are taken from one of the experiments illustrated in Fig. 1. 


another aspect of the mode of isotope incorporation into, and loss 
from, the RNA mononucleotides. A comparison (Table 3) of the rela- 
tive total radioactivities in the four RNA mononucleotides at various 
time intervals shows that such values gradually change during the 
period of isotopic loss from initial proportions of roughly 18 eytidylic: 
30 adenylic: 30 uridylic: 22 guanylic, to values approaching those of 
the mononucleotide composition of bacterial RNA itself. Generally, 
the nature of the radioactive RNA disappearing between any adjacent 
time intervals corresponds to that of the species at the prior time. 
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Fic. 3. Rate of Depletion of Isotope from RNA Contained in Bacterial 
Subcellular Constituents. Short P3204 Pulse Experiment 


Experiments were carried out in phosphate-depleted peptone broth as described 
in Fig. 1. The sample taken at 8 min. preceded by a half minute the 200-fold 
addition of excess phosphate buffer; the other two samples were taken at indicated 
times after dilution of P32 by phosphate buffer. Collection of the pellets and 
supernatant fraction (Pi, Pe, and §, respectively) was similar to that described 


in Table 2. 
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It is implicit in these findings that the isotopic turnover of the host’s 
total RNA may be a summation of at least two types of RNA turnover: 
a more active type, similar to phage DNA in mononucleotide com- 
position, and a relatively slower species, similar in composition to 
whole bacterial RNA. This concept was confirmed in part by an experi- 
ment in which the RNA’s of the subcellular parts were analyzed, as 
described, at a period of short-term isotope feeding and twice subse- 
quent to dilution of the isotope with excess phosphate buffer. Although 
the method was beset with some difficulties owing to rather extensive 
rupture and loss of infected cells during centrifugal collection, and as 
a consequence material balance data were of questionable value, the 
data, shown in Fig. 3, could be compared with regard to specific 
activities of the three RNA’s. It is seen that only the P,-RNA loses 
radioactivity at a rapid rate, the loss from S fraction being consider- 
ably slower, while the P.-RNA remains relatively inert. 

As a result of these studies, it can be stated that biological turnover 
of some part of the host cells’ RNA indeed exists. As vet, however, 
these findings are too incomplete to establish whether the RNA is 
directly concerned in the pathway of phage DNA synthesis. Whatever 
its function, the fact that phosphate incorporation into the RNA 
appears to precede that entering the DNA raises the question of 
whether the infecting phage particle exerts genetic influence not only 
on viral DNA synthesis, but on host RNA synthetic processes, as well. 

It is a pleasure to acknowledge the technical assistance of Miss 
Martha H. Jones. 
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DISCUSSION 


Dr. Kornperc: I would like to ask one question with fea to Lor; 
Volkin’s presentation. In calculating the base composition of the RNA, 
isn’t there an alkaline hydrolysis, so that the phosphate of a nucleotide 
in the hydrolyzate doesn’t necessarily belong to the nucleotide from 
which it would originate, assuming that 5 ‘nucleotides are the originat- 
ing groups? 

Dr. VoLKin: That is correct. We assumed, however, that the labeled 
RNA in this system might originate by de novo synthesis of a single 
RNA molecular species from a single pool of P??O4, whereby all the 
phosphorus in this ‘active’ molecule would have the same specific 
activity. If this assumption is correct, it seems to me that the base 
composition of this RNA can be calculated from the relative total 
activities of the resultant mononucleotides, whether these are produced 
by alkaline hydrolysis or as 5’-nucleotides by enzymatic hydrolysis. 

Dr. Porrer: Aren’t you just saying that the RNA is converted into 
DNA without breaking up? 

Dr. VotKtn: No. We don’t really have any evidence for that. The 
only thing we can say is that, if our calculated base composition of the 
“active” RNA is valid, it is rather close to the composition of the 
analogous nucleotides in phage DNA. 
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ON THE MECHANISM OF DNA REPLICATION 
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OuR biscussiON of the mechanism of DNA replication will center on 
bacteriophages, which have been the object of most of the very few 
experimental attacks on this problem. We believe it to be not unlikely, 
furthermore, that experiments on DNA replication more decisive than 
those which we ean discuss at this time will likewise be carried out 
with bacteriophages. 

The double-stranded, helical DNA molecules of an infecting bac- 
teriophage particle enter the bacterial host cell and generate several 
hundred replicas identical to themselves to furnish the DNA duplexes 
with which the progeny virus particles are to be endowed. We ask: 
How are different deoxyribose nucleotide building blocks copolymerized 
into macromolecules in an order identical to the specific nucleotide 
sequence of the DNA introduced by the parent virus? The comple- 
mentary arrangement of the purine and pyrimidine bases of the two 
polynucleotide chains of DNA suggested to Watson and Crick (41) 
that the DNA macromolecule replicates itself directly by having each 
chain serve as a template for the formation of its complement. The 
two strands of the original duplex were thought to separate and each 
base to attract a complementary free nucleotide already available for 
polymerization within the cell. These free nucleotides, whose phos- 
phate groups probably already possess the free energy necessary for 
polyesterification, would then link up with one another after being 
held in place by the parental template chain to form a new poly- 
nucleotide molecule of the required nucleotide sequence. 

* Research supported by grants from the National Cancer Institute of the 
National Institutes of Health, U. S. Public Health Service, and from The Rocke- 
feller Foundation. 
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‘TorpoLoGy oF THE DNA DupLex 


The intertwining of the two polynucleotide chains of the DNA 
duplex, however, presents an obstacle to their separation which must 
be overcome if such a macromolecule is to act as a template for 
replication in the manner proposed by Watson and Crick, or in facet, 
for replication by any other mechanism in which the “information” 
contained by the original DNA is “read off” through growth of a second 
macromolecule making contact with the purine-pyrimidine base pairs 
of the duplex. We propose to discuss first the problems posed by this 
fact and to begin by a definition of what is meant by the “winding” 
of the duplex. 

We imagine a finite length of the duplex (Fig. 1, a). The upper ends 





(a) 


Fic. 1. Definition of the “winding number.” 





(a) Point A is fixed exactly above point A’, and B above B’. The vector A”B” 
connects the intersection points of the two chains with a plane which moves down 
from the upper to the lower board. During this travel the vector executes an 
integral number of turns which is invariant under any distortion of the chains 
which leaves the ends fixed. This number is the “winding number.” 

(b) The vector n is the projection of the normal to the strip onto the moving 
plane. Its number of turns is the invariant “winding number” of the strip. 7 


of the chains are tied to a board and the lower ends to another board 
precisely under the upper end. We will further assume without loss of 
generality that the duplex lies between the two fixed boards in such a 
manner that any horizontal plane between the two boards intersects 
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each chain only once. We will then draw in each of these planes the 
vector from the intersection point of chain A to the intersection point 
of chain B. This vector has in no plane length zero. As we travel down 
the duplex, the vector will rotate, generally in a clockwise direction 
(as viewed from above), and its end position will coincide with the 
initial position. Its total travel will correspond to a finite and integral 
number of turns. This number is an invariant wnder any distortion of 
the chains which leaves the ends fixed and this invariant we define 
as the winding number of the particular length of duplex. It amounts 
to 150 per million molecular weight of DNA. For any winding number 
greater than zero, the “braid” consisting of the two chains cannot be 
“combed,” and the chains cannot be separated laterally from each 
other without breaks (1). 

If we imagine that replication does not involve any separation of 
the two chains of the duplex but rather that the daughter duplex is 
synthesized de novo, using the whole parental DNA duplex as a tem- 
plate for the formation of either the daughter duplex directly or of a 
non-DNA intermediary which later synthesizes the daughter duplex, 
the topological situation remains unchanged. In this case we note that 
the parental template can be represented as a twisted strip, 1e., a sur- 
face bounded by two closely adjacent lines (Fig. 1, b). As we travel 
down along the strip, the projection of the normal to this surface onto 
a horizontal plane will rotate similarly to the vector connecting the 
two chains in the preceding analysis, and the winding number of the 
strip is the same as the winding number of the two chains defined 
above. If we now postulate that the daughter duplex or the hypo- 
thetical intermediary is synthesized always on the same side of the 
parent strip, then the parent and daughter duplex, or the parent 
duplex and the intermediary, will have a winding number relative to 
each other identical to that of the two chains of the parent duplex, 
and the separation of the parent from the daughter duplex or from 
the intermediary will run into the same topological difficulty as the 
separation of the two chains of the parent duplex. 

Watson and Crick (41) enumerated, and to some extent discussed 
the possible ways of meeting this difficulty: 

(1) The Watson-Crick structure of DNA is wrong, specifically with 
respect to the winding number. 

(a) The duplex consists of short sections of alternating positive and 
negative winding numbers. This possibility has been rejected by 
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Watson and Crick on the grounds that, for stereochemical reasons, 
they found it impossible to construct a model involving left-handed 
helices. 

(b) DNA occurs in reality not as a very long duplex but in the 
form of short sections built according to Watson and Crick, alternating 
with short sections of non-DNA material twisted in a complementary 
fashion. This seems to be completely ruled out by chemical evidence. 

(c) The Watson-Crick structure is completely wrong, in the sense 
that the real winding number is zero for even the shortest section. 
It is indeed possible to wind two chains approximately helically around 
the same axis and at the same time wind them around each other in a 
compensating fashion. The resulting configuration has been called a 
“paranemic coil” (because the chains will be parallel to each other 
when stretched) (19) in contrast to the “plectonemic” coil of the 
Watson-Crick structure (involving “plexi” or knots). This alternative 
was discussed by Watson and Crick (41), and completely ruled out 
on the basis of the x-ray diffraction evidence. We may, therefore, 
ignore the revival of this idea in a later paper (14) which makes no 
reference to this discussion and to the arguments against this structure. 

(2) The separation of the chains occurs by pulling them past each 
other longitudinally. If this is to be done without a continuous twist- 
ing motion, it implies an inconceivable internal flexibility and presents 
many mechanical difficulties. 

(3) The separation of the chains occurs by unwinding. The chief 
reason for hesitating to accept the topologically simple solution of 
unwinding the two threads is that it involves a very large number of 
turns, and that for each turn to be unwound. essentially the whole 
mass of the duplex has to be rotated one complete turn around its axis. 
To resolve a difficulty which seems to be a local one involving only 
the immediate neighborhood of the point where the interlock takes 
place, the whole mass of the duplex, involving many thousand chain 
links, has to be moved through distances at least comparable to the 
diameter of the duplex. In the limit of an infinitely long duplex this 
would clearly lend to excessive energy requirements per turn. It is 
therefore of interest that Levinthal and Crane (pers. commun.) have 
made calculations of the mechanical aspects of unwinding and have 
arrived at encouraging answers, They derive a formula for the energy 
needed to rotate one full turn a eylinder of length L, radius R, with 
an angular speed of n turns per second, in a medium of viscosity ». 
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This energy is 
B/ turn = 167° LR?2yn 

If we substitute here L = .006 cm., R = 10~~* cm., n = 200 sec.—!, 
values corresponding to the whole length of the DNA of a large phage 
and of its likely speed of replication, and take 7» = 4 ep., we obtain a 
value of 2 & 10—!* erg, or 150 cal. per mole of replicated chain link, 
still small compared to the total energy required for the formation of 
the phosphate diester linkage of the polynucleotide chain. This calcu- 
lation refers to a straight rod. The actual shape of the DNA will of 
course not be straight, but bent, folded, and coiled to fit into the 
volume in which it has to operate (the length of the DNA of phage 
T2 straightened out is about 60 times the diameter of the bacterium 
in which it replicates). How will such a snake react to a twisting 
torque applied at one end, when it is moving in a viscous medium? 
Levinthal and Crane argue very plausibly that it will rotate lke a 
speedometer cable, that is, without flopping, since any off-axis motions 
would enormously increase the viscous drag. They calculate further 
that the torque needed to produce this twist at the needed speed would 
produce only a negligible stretch in the chemical bonds to which it 
would be applied. Let us now look at this hypothetical untwisting 
mechanism a little more closely. Levinthal and Crane, like most other 
authors, assume that the untwisting which leads to separation of the 
two chains goes hand-in-hand with the replication process, so that we 
would have at a certain moment in this process a “Y’-shaped con- 
figuration (Fig. 2). As untwisting and replication proceed downwards 
all three arms of the Y have to rotate in a clockwise direction as seen 
from the foot of the Y, at a rate of, say 200 turns per second. Pre- 
sumably the motor keeping this maneuver in motion would be located 
in the “working section” of the system, where the synthesis takes 
place, in the crotch of the Y. It is likely that a torque would be present 
tending to twist the two upper arms of the Y around each other, but 
without a much more detaiied picture of the processes in the working 
section it would be difficult to predict how many relational twists 
between the two arms would result. 

The calculations for the “speedometer-cable” rotation of the DNA 
duplex can also be applied to those replication schemes in which the 
chains do not separate at all and in which the intact duplex serves as 
a template. As we have seen, in this case parent and daughter duplex 
or parent duplex and intermediary become intertwined in the course 
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Fic. 2. The scheme of Watson and Crick. 
Unwinding and replication proceed pari passu. All three arms of the Y rotate 
as indicated. 


of replication and must finally be unwound to achieve their separation. 
The mechanical considerations and energy requirements of such un- 
winding would be very similar to those made by Levinthal and Crane. 

Platt (30) has proposed a different mechanism of unwinding. In 
this scheme, unwinding of the chains of the parental duplex and repli- 
cation are separate and alternating events. The untwisting is imagined 
to occur as a “transfer twist” (Fig. 3) by assuming that the original 
duplex has an inversion point in the middle such that the two halves 
of each chain to the right and left of this point are complementary to 
each other. If this is the case, then the chains of the original duplex 
can be separated by pulling sideways at the inversion point and twist- 
ing each chain upon itself. Replication is then imagined as a process 
in which this self-winding is reversed, involving two Y-shaped con- 
figurations and a process identical to that described in Fig. 2, Both 
during the untwisting and during the replication each arm of the four- 
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Fic. 3. (a) The scheme of Platt, involving “transfer-twist.” 


Untwisting of the parental duplex and replication are alternate events. Only 
the untwisting of the parental duplex is shown here. Replication occurs exactly 
as in Fig. 2. 

The parental duplex consists of two chains, AyAgAo’Ai’ and ByBeBy’By’. The 
section A;A9 is complementary to Aj’Ag’, and similarly for the other chain. The 
original chains are separated by “transfer-twist,” involving rotations of the four 
arms of the star-shaped figure in the directions indicated. 


(b) The scheme of Butler. 


The parental duplex consists of the two chains B;Be and By’By’. The contrac- 
tion of histone molecules attached to By; and Be pulling to left and right respec- 
tively, causes the duplex to unwind. Daughter chains AyAg and Aj’A9’ comple- 
mentary to ByBg and By’Bo’ respectively are then formed. Upon completion of 
replication, histone molecules attached to BoB’ and AgA»’ contract in the 
direction of the arrows, causing the parental chains B,Be and By,’Bo’ as well as 
the daughter chains AiAzg and Aj’Ao’ to rewind about each other to generate one 
elitirely old and one entirely new duplex. 
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armed or three-armed star will continually rotate, similarly to the 
model of Levinthal and Crane, and the same arguments concerning 
the energy and torque requirements for this process apply as in the 
other model. The ad hoe assumption of a self-complementarity of 
the two halves of each chain thus produces no gain in the simplicity 
of the process, since Platt’s replication process alone is identical to 
the unwinding and the replication process in the scheme of Levinthal 
and Crane. 

(4) The separation occurs by enzymatic digestion. It is possible 
that only one of the chains of the parental duplex actually participates 
in the replication process and that the other chain is digested away 
before replication takes place. In that case, the single chain could 
conceivably serve as a template for the synthesis of a number of either 
identical or complementary single-chain replicas not necessarily inter- 
twined with it and hence easily separable from it. These replicas 
would later act as templates for the synthesis of their own comple- 
mentary chains for “maturation” into “resting” duplexes (Watson, 
pers. commun. ). 

(5) The separation occurs by breaks and reunions. If the interlocks 
are to be resolved not by rotations of the whole duplex or by digestion 
of one chain, but by a local process, then breaks and reunions must be 
invoked. An interlock can be resolved either by breaking one of the 
chains, passing the other one through, and rejoining the original break, 
or by breaking both chains and rejoining them crosswise (Fig. 4). The 
first process is unattractive because it introduces an asymmetry be- 
tween the two chains; the second process 1s impossible in the present 
‘ase because it would involve rejoins between chains of opposite 
polarity. A more reasonable process has been envisaged by Delbriick 
(10) by imagining the breaks and rejoins to occur pari passu with 
replication (Fig. 5). One may imagine that both chains of the parental 
duplex break approximately at the same time and that their lower 
terminals rejoin with the free terminals of the replicate chains of equal 
polarity. The upper terminals of the broken chains now become the 
free terminals at which replication continues, It has to be postulated 
that this maneuver occurs on the average once every half turn of the 
parental duplex, i.e., every five links. The principal implication of 
such a scheme is that the parental material is very uniformly dis- 
tributed at each replication, Each chain in each daughter duplex con- 
sists of very short alternate sections of old and new material. 
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(a) (b) 


Tic. 4. Two methods of resolving an interlock between two chains 
by breaks and reunions. 


(a) By breaking one chain and passing the other through the gap. One break 
per interlock. The process is asymmetric. 

(b) By breaking both chains at each overlap (each half turn:) and rejoming 
them crosswise. Four breaks are needed to resolve one interlock. Chains of 
opposite polarity are joined. 


The schemes here discussed probably exhaust the simple alternatives 
for resolving the intertwining of the plectonemic DNA duplex. On 
a priori grounds we have little reason to choose between them. 


DISTRIBUTION OF PARENTAL ATOMS 


An important operational distinction between different DNA repli- 
cation mechanisms is their prediction concerning the distribution of 
the atoms of the parental molecule over the replica duplexes. The 
considerable number of proposed schemes may be divided into three 
general classes as conservative, semi-conservative, and dispersive 
replication (Fig. 6). 

(a) Conservative mechanisms are those which do not destroy the 
integrity of the entire parental DNA duplex in the course of the rephi- 
cation process, so that among the daughter duplexes produced by one 
or more replications there is one which is entirely parental and the rest 
entirely new. This would be true, for instance, if DNA were replicated 
indirectly through the intermediary of another substance (33), e.g., 
protein or RNA, which is first synthesized on the surface of the intact 
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(d) 
Fig. 5. The scheme of Delbriick. 


Separation is accomplished by breaks and rejoins. Separation and replication 
occur pari passu. The process proceeds from the top down. At each half turn of 
progress the old chains break and the lower terminals of the breaks are joined to 
the free ends of the new chains of equal polarity. Two such moments of changing 
connections are shown (a, b). Between these moments replication has progressed 
one half turn. The old chains are black and white, respectively. The new sections 
complementary to black are striped, those complementary to white are dotted. 


parental duplex and then serves as a template for the synthesis of 
daughter DNA duplexes. The mechanisms proposed by Bloch (3) and 
by Butler (9), in which the parental duplex as a whole serves as a 
direct template for the production of a daughter duplex, likewise fall 
into this class. Bloch imagines that the parental duplex undergoes a 
change of structure, in which the bases of the parental chains rotate 
approximately through an angle of 180° around their glycosidic bonds, 
while the backbones are held rigidly in position by their attachment to 
a histone (Fig. 7). The bases then face in such a way as to form a 
template in the shape of a twisted strip on which a complementary 
duplex structure might form. The replication of the histone, of course, 
would have to go hand-in-hand with the replication of DNA. Bloch’s 
scheme implies, therefore, an obligatory parallel synthesis of histone 
and DNA. Butler proposes (see Fig. 3) that the two chains of the 
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Fic. 6. The distribution of parental material between the daughter duplexes. 


(a) Conservative: One daughter duplex old, one new. 

(b) Semi-conservative: In each daughter duplex one chain is old and one is new. 

(c) Dispersive: The distribution of parental material is uniform through the 
four chains of the two daughter duplexes. 


duplex are first separated by unwinding through a contractile action 
of histone molecules attached to one of their ends. The single chains 
then form complementary chains, after which the two parental chains 
and the two daughter chains are rewound about each other by the 
counter-contraction of other histone molecules to form one parental 
and one daughter duplex. 

(b) Semi-Conservative mechanisms are those which conserve the 
atomic identity of single chains of the parental DNA duplex, although 
effecting a permanent separation of the two chains from each other in 
the course of replication. This is the original suggestion of Watson 
and Crick and certainly the one most obviously suggested by their 
structure. One imagines that the chains are separated and that each 
serves as a template for the formation of a complementary chain. This 
scheme unites the chemically most reasonable process of complement 
formation and the biologically most fundamental process of replication 
in an appealing manner. If we imagine a population of duplexes 
originating in one duplex and replicating in a synchronized manner 
through n steps, we will have in the end 2"*1 duplexes. According to 
the scheme now under discussion, in each duplex of the final genera- 
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I'ic. 7. The replication scheme of Bloch. in which the entire parental 
duplex is used as a template. 


(a) Cross-section through the parental duplex in its standard configuration. 

(b) The bases have rotated 180° around the indicated bonds 
structure now forms a template in the form of 
held in shape by a backbone histone. 


and the whole 
a twisted strip. The template is 
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tion one chain will be of age zero. Of the complementary chains one 
half will be of age one, one quarter of age two, and so on. If it were 
possible to label differently the new material synthesized in each 
generation, then one could read off in each duplex the ages of the two 
chains. One of them must be age zero, and the other any age m with 
probability 2™, 

(ce) Dispersive mechanisms are those which do not conserve the 
atomic integrity of the chains of the parental duplex but result in the 
dispersion of its atoms among the replica duplexes. The scheme pro- 
posed by Delbriick (10), which involves numerous breaks in the 
original chains, falls into this class. Each chain in every daughter 
duplex consists of alternating sections of old and new material, all the 
old material in any one chain deriving from the parental chain of 
equal polarity. Under this scheme, it is meaningless to identify 
parental and daughter chains: each chain is partly old and partly new. 

Any schemes, furthermore, which envision that the parental DNA 
duplex is broken down into low molecular weight substances as it is 
being repheated and that allow the breakdown products to be re- 
utilized in the synthesis of daughter duplexes can likewise be classified 
as dispersive. 

Unambiguous experimental tests of the actual distribution of the 
atoms of the parental DNA molecule could thus eliminate a consider- 
able fraction of potential replication mechanisms, and would permit 
us to focus our attention on a more restricted class. 


GENETIC RECOMBINATION AND DISTRIBUTION OF PARENTAL ATOMS 


Before considering the evidence relevant to the distribution of 
parental DNA atoms after replication gathered from experiments with 
bacteriophage, it is necessary to discuss genetic recombination, a 
phenomenon associated with replication whose possible effects on this 
distribution may be superimposed on those inherent in replication. 
If two related bacteriophage particles differing in some genetic markers 
infect the same bacterial cell, recombinant virus progeny issue whose 
genome is derived in part from one and in part from the other parent. 
These recombinants appear to arise in successive rounds of random 
matings between vegetative, i.e., actively multiplying, phages. In the 
ease of the coli bacteriophages T2 and T4, it can be estimated that 
the number of such rounds of mating is about equal to the number 
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duce the requisite number of progeny DNA units (39). In other words, 
the vegetative phages appear to mate as often as they replicate. 
If now that part of the vegetative phages which is involved in the 
genetic recombination process is DNA, a notion for which there is 
actually as yet no experimental proof, it is apparent that the frequent 
recombinations could affect the final distribution of the parental DNA 
atoms and must be reckoned with when one desires to conclude from 
experimental observations whether replication is conservative, semi- 
conservative, or dispersive. Two circumstances make it unlikely that 
replication of the DNA of bacteriophage T2 can ever be observed in 
the absence of recombination. One of these is that even in single 
infection “incestuous” matings may occur between the parental phage 
and its own vegetative descendants and the other is that at the end 
of the eclipse phase, at the earliest time when any progeny phages can 
be examined, two to three rounds of mating have already taken place. 

If mating and replication are independent processes, then recom- 
binants would have to be produced by mating of already formed vege- 
tative phages through breaks and crossover rejoins (Fig. 8, a). Such 
recombination would lead to the destruction of the atomic identity of 
the parental DNA, which would become progressively more fragmented 
the more matings it has experienced with other vegetative phages. 


The results of more detailed genetic studies of the phage recombina- 
tion mechanism, however, favor the view that there is a connection 
between recombination and replication (24, 20, 4) and that recom- 
binants arise through what has been called “partial replicas” (16) or, 
more appropriately “copying choice” (22) (Fig. 8, b). The copying 
choice hypothesis envisions that a recombinant vegetative phage is 
formed incidentally to its replication, if a partially synthesized replica 
growing along one parental template switches over and continues its 
growth along another, nearby parental template. In order for such 
switching to produce the observed genetic results, the two templates 
must enter into a specific union, i.e., they must mate during the repli- 
cation act so that homologous genetic regions are in perfect molecular 
apposition. The principal genetic support for this view is derived from 
the finding that opposite recombinants, though produced with equal 


frequency, do not appear to arise from the same elementary recom- 
bination act. 


In contrast to simple crossing-over, which necessarily demands 
fragmentati ! ‘ing r ination, i 
gmentation of the parental DNA during recombination, a copying- 
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Fia. 8. Three mechanisms of genetic recombination. 


A and B represent two genetic loci and a and b their alleles. (+) and (—) 
signify the opposite polarity of the two chains of the DNA duplex. 


(a) Fragmenting crossing-over. Two parental duplexes synapse, break between 
A and B and between a and b, and heterologous pieces rejoin. 


(b) Non-fragmenting copy-choice. Conservative replication (in the direction of 
arrow) generates entire daughter duplex, using first one and then the other of two 
mated duplexes as template. The switchover occurs between A and B. 


(c) Fragmenting copy-choice. Semi-conservative replication (in the direction 
of the arrows) by complement formation to single strands as parent duplexes 
unwind. Single daughter chain grows complementary to single parent chain of 
one of two mated duplexes, then switches over between A and B to continue 
growth complementary to single chain of second duplex. Parent chains break 
near switchover point to permit daughter duplexes to separate. 
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choice mechanism may be non-fragmenting, since the integrity of the 
template could conceivably remain undisturbed whether a replica 
being copied along it has switched over to another template or not 
(Fig. 8, b). There are also copying-choice mechanisms of recombina- 
tion which do involve fragmentation of the parental DNA. For in- 
stance, it would appear that copying-choice recombination would 
produce fragmentation if replication oecurs through the original 
Watson-Crick scheme of pari passu unwinding and complement for- 
mation to single chains. In this case, the structural deadlock produced 
by the switching of the growing replica chain from one duplex to the 
next could be resolved only by breakage of one of the parental chains 
in each of the mated duplexes (Fig. 8, c). It may be stated, therefore, 
that under the copying-choice hypothesis non-fragmenting or frag- 
menting recombination could occur. 


The principal result of this discussion is the realization that the 
only experimental result capable of an unambiguous interpretation is 
one in which the integrity of either the entire parental DNA duplex, 
or of each of its polynucleotide chains separately, is found to have 
survived many successive rounds of replication and recombination. 
In that case, it may be inferred that replication proceeds by either a 
conservative or semi-conservative mechanism and that recombination, 
if it involves participation of DNA molecules, is due to non-fragment- 
ing copying-choice. If the results are not this simple, it will be very 
much harder to draw conclusions. 


TRANSFER EXPERIMENTS WITH BACTERIOPHAGE 


A great deal of effort has been spent during the last six years to 
obtain clues concerning replication through isotopie tracer experiments 
on the multiplication of bacteriophages. The principal advantage of 
this system resides in the small size and hence simplicity of the DNA 
unit whose replication is being studied, since one T2 phage particle 
contains only of the order of 10-13 mg. DNA, compared with 10! 
ing. of DNA per nucleus of its bacterial host or 10—1° mg. DNA per 
mammalian chromosome. A second advantage of phage T2 is the ease 
with which it lends itself to tracer experiments. Since nearly all of the 
phage phosphorus is in nucleic acid, one can be sure that if a phage 
particle is labeled with P®? the tracer resides exclusively in DNA. The 
experiments which we shall now consider are of the following sort: 
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A uniformly labeled phage population is prepared by infection of 
bacteria growing in labeled medium. This phage population, which 
has been freed from extraneous material by certain purification pro- 
cedures, is the parental generation. The parental phage is then used 
to infect unlabeled bacteria growing in unlabeled medium to obtain a 
first progeny generation, which may be similarly purified and analysed 
for its label, or it may be used for infection and production of its own 
second generation progeny. The analysis concerns two distinct points, 
which are. highly relevant to our discussion. First, the total amount of 
label transferred from the labeled parent to the progeny, second, the 
distribution of the transferred label among the progeny particles. 


Efficiency of Transfer. 


Putnam and Kozloff (32) were the first to study the transfer of P#? 
from parental DNA to the progeny DNA. Their experiments, as well 
as those of many subsequent workers, have given transfer values of 
30-50 per cent. Kozloff (21) extended these findings to the transfer 
of isotopically labeled DNA nitrogen, and Watson and Maalge (42) 
to the transfer of C'-labeled adenine, with similar results. The non- 
transferred fraction of the parental DNA label is mostly released by the 
infected bacteria along with the progeny phages as either low molecular 
weight, 1.e., “acid-soluble,” material or as free DNA (12, 40). 

The finding that the transfer is incomplete raises the possibility 
that it might be unspecific. It is conceivable that the replication 
mechanism as such involves no transfer at all, but that some of the 
input DNA is degraded and unspecifically reincorporated. That this 
type of transfer can occur was demonstrated by Watson and Maalge 
(42), who performed experiments in which bacteria were mixedly 
infected with unlabeled T4 and labeled T3. Phage T3 is unrelated to 
T4, and in such mixed infections no T3 particles are produced. They 
found that some of the label of T3 was transferred to the T4 progeny. In 
this case the T3, which does not transfer its genetic information, 1s pre- 
sumably degraded and its label unspecifically reimcorporated. A similar 
breakdown of genetically non-contributing material occurs probably 
in most cases of multiple infection, particularly if the individual infec- 
tions are spaced within a few minutes (23). In the case of single 
infection there is certainly less of this breakdown, but it cannot be 
excluded. Another conceivable interpretation of the incomplete trans- 
fer might be that the phage DNA consists of two portions, one of 
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which is transferred intact, while the other is not transferred at all, 
or only slightly and unspecifically. If this were correct, then the label 
in the first generation progeny should be enriched in the specific part, 
and a second generation transfer experiment should give a higher 
transfer value. Maalde and Watson (28) carried out such a second 
veneration transfer experiment and obtained the result that the transfer 
is neither increased nor decreased. This experiment has been recently 
extended by Stent, Jerne, and Sato (unpub.) to a third-generation 
transfer, with similar results. These observations can be schematized 
as follows: 


Parent (label = 100) — 1st progeny (label = 50) 7 
2nd progeny (label = 25) — 3rd progeny (label = 12). 


They indicate that the DNA which is transferred neither originates 
from a preferentially transferable part which remains intact nor winds 
up preferentially in a part which is preferentially lost in the next 
infection. It would appear, rather (although the above experiments do 
not rigorously prove it), that the incomplete transfer of T2 DNA to 
its progeny is due to random losses experienced by the entire parental 
DNA in the course of the infection, replication, and maturation 
processes. The observation that the purine and pyrimidine base com- 
position of the transferred DNA is identical to that of the infecting 
phage (17) supports this notion. Finally, the fact that in the case of 
the Salmonella phage P22 the DNA transfer from parent to progeny 
can be as high as 80 per cent (Garen, pers. commun.) suggests that 
the absolute magnitude of the percentage of transfer does not reflect 
some basic aspect of the DNA replication mechanism. We conclude, 
therefore, that the phage DNA does not consist of two portions differ- 
ing with respect to their transferability. 


Distribution of Transferred DNA. 


We now turn to the experimental attempts to get at the distribution 
of the transferred label among the progeny particles. Early experi- 
ments (12, 42) utilized the fact that the early crop of progeny can be 
singled out from the phage particles produced in a single bacterium. 
Although the whole crop produced by any one bacterium is released 
at the moment of lysis, this lysis can be provoked prematurely, or it 
can be delayed beyond its normal term. The picture that we have of 
the intracellular events of phage growth is this: the phage multiplies 
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in a state in which it is not infective, the vegetative state. After a 
certain amount of vegetative multiplication has taken place, and a 
“pool” of vegetative particles has been established, some vegetative 
particles mature to become infective particles, and the maturing par- 
ticles are, it seems, drawn at random from the vegetative pool (37). 
The early experiments just referred to compared the transferred label 
in the crop which had matured early to the total transfer, and demon- 
strated that most of the transfer went to the early crop. In view of 
what has just been said about the over-all kinetics of replication and 
maturation, this result is perfectly reasonable. One must expect on 
any scheme for the elementary replication process that the label in 
the pool would be gradually diluted. This finding, therefore, although 
we can understand it, does not help us to clarify the elementary 
replication process. 

The real distribution of the transferred parental DNA over the 
progeny can only be determined by some method which measures the 
amount of label contained in individual phage particles. The most 
direct way of doing this is the use of nuclear photographic emulsions 
and quantitative P*? 8-track autoradiography. This method has been 
adapted with great success to the determination of the P*? content of 
single T2 phages by Levinthal (25), whose results we will now briefly 
summarize, in the hope that Dr. Levinthal will supplement this sum- 
mary by an account of his recent experiments. Levinthal has found 
that among the progeny of a P**-labeled parental generation there 
appear a few individuals, each possessing about 20 per cent of the 
label of its parent. The frequency of these highly labeled progeny is 
such that they account for about half of all the transferred P**. The 
remaining half of the transferred DNA must have been fragmented 
into pieces too small to be detected by the nuclear plate technique. 
When bacteria were infected with this first generation progeny popu- 
lation, there could be recognized among the second generation progeny 
a number of individuals which still harbored 20 per cent of the P** 
possessed by the original parental population. In addition, Levinthal 
inferred from experiments involving the release of the bacteriophage 
DNA from intact labeled parental or progeny particles by “osmotic 
shock” that there exists inside each T2 phage one DNA fraction non- 
dispersible by osmotic shock and amounting to 40 per cent of the entire 
nucleic acid content, and that the progeny harbor the transferred 
20 per cent within that non-dispersible part. 
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A more indirect method of measuring the distribution of the trans- 
ferred DNA makes use of the discovery of Hershey, Kamen, Kennedy, 
and Gest (18), that phage particles are sensitive to decay of P** atoms 
incorporated into their DNA. Radioactive transmutation of P** atoms 
into $®2 atoms kills the phage, so that the rate of inactivation of a 
P®2-labeled phage population can be used as an accurate measure of 
its degree of label. In a mixed phage population consisting of sub- 
classes labeled to various degrees, each class is inactivated at a rate 
proportional to its content of label. The whole population thus gives 
rise to a compound inactivation curve which starts out steeply, at the 
rate of inactivation of the most highly labeled fractions, and then 
flattens out as the population of survivors gets more and more depleted 
of highly labeled particles. Conversely, an accurate determination of 
the inactivation curve permits an estimate of the composition of the 
whole population with respect to its variously labeled fractions. 

By means of this technique, Hershey, Kamen, Kennedy, and Gest 
(18) had already observed that among the progeny of non-labeled T2 
particles grown on P*?-labeled host bacteria in P*?-labeled medium 
there was less than one phage in 10* which was not subject to P*? 
death. The 50 per cent transfer of DNA from parent to progeny 
generation can, therefore, not represent the occasional reappearance 
of an entire parental phage DNA complement within one progeny 
particle, for any such particle would have been unaffected by P?? decay 
in this experiment. On the other hand, in the reverse experiment with 
labeled parent phage multiplying in an unlabeled host, Stent and Jerne 
(36) observed that the majority of the progeny are inactivated by P® 
decay at a rate less than 0.2 per cent of the rate of inactivation of 
their parent, although the progeny population studied contained an 
average of 2 per cent parental P*? per particle. Most of the transferred 
DNA cannot, therefore, be widely dispersed but must be confined to a 
few progeny individuals. 

A further refinement of this technique consists in measuring, instead 
of the inactivation of the first generation progeny, the decrease of the 
fraction of the label that can be transferred in a second generation 
transfer experiment as a function of P32 decay. In this technique an 
excess of unlabeled, or very slightly labeled particles, which represent 
a very undesirable background for the determination of a simple 
inact*vation curve, is automati ‘ally eliminated. 


MAX DELBRUCK AND GUNTHER S. STENT a9 


The result of such an experiment carried out by Stent, Jerne, and 
Sato (unpub.) utilizing this method is presented in Fig. 9. It is seen 
there that before P*? deeay has occurred, about 50 per cent of the 
parental phosphorus transferred to the first generation progeny can 
again be transferred to the second generation progeny. As more and 
more radioactive decay takes place, less, and less of the transferred 
phosphorus remains transferable to the second generation progeny 
until a plateau of 25 per cent is reached, when no further decrease in 
transferability is observed. This finding means that about half of the 
radioactive DNA transferred from parent to progeny is transferred in 
pieces big enough to make their carriers unstable and half is trans- 
ferred in pieces so small that their carriers are stable. If the trans- 
ferability curve of Fig. 9 is analyzed in terms of a two-component 
system (the simplest but by no means the only way of analyzing such 
a curve), then comparison with the rate of P#?-inactivation of the 
labeled parent indicates that the unstable particles each contain from 
10-20 per cent of the P*? of the parent. In other words, among the 
first generation progeny there appear one or two particles per parental 
phage which have received a piece amounting to 10-20 per cent of the 
parental phage DNA. This method has also been extended to the 
study of the distribution of the DNA in second generation transfer by 
examining the effect of P*? decay on the transferability of the parental 
P®2 harbored by the second generation progeny to third generation 
progeny. The result of this experiment is likewise presented in Fig. 9. 
It may be seen there that the kineties of the loss of transferability 
from second to third generation progeny is very similar to that from 
first to second generation progeny, commencing near 50 per cent 
transfer and decreasing rapidly to an asymptote near 25 per cent 
transfer. This last finding would imply that a second growth cycle 
had not seriously altered the ratio of the amount of the parental 
label in big pieces to that in small pieces. 

On first sight it might look, therefore, as if both autoradiography 
as well as P22-inactivation experiments show that the DNA of the 
parent phage is distributed over its progeny more widely than could 
be reconciled with conservative or even semi-conservative replication 
in conjunction with non-fragmenting recombination. The observed 
distribution of the parental DNA among the first generation progeny 
could be explained in terms of dispersive replication with unequal 
“family tree” (Fig. 10) or in terms of conservative or seml-conserva- 
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Fic. 9. The transfer decay experiment of Stent, Jerne, and Sato. 


A population of highly P32-labeled T4 bacteriophage (parents) was allowed to 
produce in single infection a first generation progeny, containing about 50 per cent 
of the label of the parents. An aliquot of these first generation progeny was then 
allowed to produce in single infection a second progeny generation, containing 
about 50 per cent of the label of the -first generation progeny, or 25 per cent of 
the label of the parents. First and second generation progeny were then stored 
at 4° C. On various subsequent days, after an amount of P32 decay indicated on 
the abscissa had taken place, first and second generation progeny were allowed 
to reproduce in single infection to generate their own second and third generation 
progeny du jour. The percentage of label transferred from the original first gen- 
eration progeny to each second generation progeny du jour and from the original 
second generation progeny to each third generation progeny du jour, is indicated 
on the ordinate. The stippled lines indicate survival curves corresponding to rates 
of inactivation constituting various percentages of the rate of inactivation of the 
labeled parent. 
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Fic. 10. The unequal family tree of vegetative growth. 


If the label were partitioned equally at each replication but if replication were 
non-synchronous, then a very heterogeneous distribution of the parental label 
could be found among the descendants after numerous rounds of replication. The 
numbers indicate the fraction of the parental label harbored by progeny indi- 
viduals at different levels of the tree. 
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tive replication followed by recombinational fragmentation in random 
matings. In both these cases, however, a further dispersion or frag- 
mentation of those big DNA pieces which escaped the dispersive or 
fragmenting processes of the first generation transfer should have 
occurred in the second generation transfer. An exact estimation of the 
further dispersion or fragmentation of the parental DNA which un- 
equal family trees or recombinational fragmentation should produce 
in second generation transfer is rather difficult, and a detailed discus- 
sion of this problem will not be attempted here. Rough calculations 
according to various models indicate that the accuracy of the second 
generation data now at hand suffices to exclude dispersive replication 
but still admits fragmentation as an explanation of the observed 
dispersion of the transferred DNA into pieces of different sizes. 

Now, if the dispersion of the parental DNA among the progeny is 
not produced by a random fragmentation of the whole phage, then it 
would have to reflect some a priori partition of the parental DNA into 
sections which differ as to whether, when transferred at all, they will 
appear as big or small pieces. The notion of such a bipartite structure 
of the bacteriophage DNA would become very plausible if the inference 
(25) that the 20 per cent DNA piece transferred to the first generation 
progeny resides within a part of the progeny phages not dispersible 
by osmotic shock can actually be substantiated. Some detailed ealcu- 
lations would seem necessary, before it can be decided whether the 
available results are of sufficient statistical accuracy to eliminate the 
possibility that the labeled DNA which is not dispersed by osmotic 
shock of either parent or progeny populations has not simply escaped 
certain physical breakage forces operating on the phage DNA as a 
whole. 

The realization, however, that the DNA of the parent phage may be 
bipartite introduces an entirely new element. into all the foregoing 
arguments and very much complicates the interpretation of the dis- 
tribution experiments. It would be tempting, of course, to infer from 
the persistence of the big pieces through repeated transfers that they 
replicate by a conservative or semi-conservative mechanism and that 
their recombination must be non-fragmenting. Unfortunately, how- 
ever, that part of the DNA which is transferred in small pieces and 
about whose possible further dispersion in the second generation 
transfer we do not yet know anything, may also play an important 
part in the growth processes. It is by no means excluded that these 
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two hypothetical parts of the parental DNA in fact perform differenti- 
ated functions in the infective processes, e.g., that only one of them 
is concerned with replication while the other serves, say, as a template 
for phage protein synthesis. If that part of the DNA which is the 
source of the big pieces replicates and recombines, then replication 
cannot be dispersive and recombination cannot be fragmenting; if, 
on the other hand, the source of the small pieces serves for the replica- 
tion of the entire phage DNA, then these bacteriophage distribution 
experiments do not permit the definite exclusion of any of the replica- 
tion mechanisms discussed above. 


Linkage Between Material and Genetic Transfer. 


Some hope exists, nevertheless, for unraveling the meaning of the 
transfer distribution experiments by combining such measurements 
with genetic observations. Garen (17) has earried out an experiment 
designed to answer the question whether the transferred DNA in a 
mixed infection from several genetically different parental particles 
is coupled to a particular genetic marker. For this purpose, he infected 
bacteria with equal numbers of P#?-labeled T4 and non-labeled T2 
particles (i.e., two strains whose genomes differed at the host-range 
locus) and determined the fraction of the transferred label which 
appeared in progeny endowed with T2 host range by selective adsorp- 
tion to bacteria sensitive to T2 but not to T4. Garen observed that 
about 40 per cent of the label transferred from the labeled T4 parents 
had been separated from the host-range locus with which it was intro- 
duced into the infected cell and was found to be incorporated into T2 
particles. This experiment has been extended by Burgi (pers. commun. ) 
by crossing T2 with labeled T2h (1.e., two strains differing genetically 
only at their host-range locus). Burgi, furthermore, reduced the rela- 
tive input of labeled h to non-labeled h* parents from equality to 
1 h for every 10 h+ particles per bacterium, so that only 10 per cent 
of the progeny particles were endowed with the h locus. These 10 per 
cent now harbored 35 per cent of the label transferred from parents of 
the homologous h genotype, the remaining 65 per cent having “crossed 
over” to h+ progeny. 

These observations show that the parental DNA is dispersed in the 
course of replication, recombination, or both, so that it can reappear 
associated with genetic markers different from those with which it 
entered the cell. Such a change of genotype of the parental DNA could 
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be due to unspecific transfer (e.g., to a complete breakdown similar to 
that known to occur under certain conditions of multiple infection 
(23) and resynthesis of part of the parental DNA) or to fragmenting 
recombination. The dispersion, on the other hand, is not so extensive 
that the parental DNA is randomized among the progeny, for in that 
case only 10 per cent instead of 35 per cent of the label introduced 
by the minority fh parent in Burgi’s experiment should have been found 
among the h progeny. The results suggest, rather, that in a phage cross 
from 20 to 30 per cent of the parental DNA remains “true” to a given 
genetic marker and the remainder is distributed to the progeny par- 
ticles at random with respect to genotype. The “true” fraction of the 
parental DNA could reflect: (a) in case of non-specific transfer, an 
average portion of the parental DNA which happens not to be broken 
down; or (b) in case of fragmenting recombination, an average length 
of DNA surrounding the marker which is not fragmented by random 
recombinational events; or (c) in the case of a bipartite phage struc- 
ture, a sector in each parental particle which remains true to all the 
genetic markers and probably identical with the sector which is trans- 
ferred as a big piece (complemented by a second sector which is 
dispersed over the progeny). 

It has been attempted (Sato and Stent, unpub.) to test the last 
possibility, i.e., to see whether that 10 to 20 per cent piece of trans- 
ferred DNA which has been detected by the transfer decay experi- 
ments of Fig. 9 carries with it all the genetic loci of its parent. Under 
conditions similar to those employed by Burgi, one highly P%?-labeled 
T2h 7, 17° m* (minority parent) was crossed with 10 non-labeled 
T2h* ry" rz m particles per bacterium (the markers 71,77, and m concern 
plaque morphology and are only distantly linked to each other and 
to h). Among the progeny, there appeared less than one half of a 
minority parental type per infected bacterium, as is to be expected 
in such a four-factor cross (39). .Now if there existed a piece of trans- 
ferred DNA inseparably linked to all genetic markers, then, nolens 
volens, almost all of the few minority parental types appearing among 
the progeny of this four-factor cross would have to possess this piece. 
If this piece, furthermore, were identical to that responsible for 
transfer decay, then the bulk of the minority parental types among 
the progeny should have been inactivated by P%? decay at a rate from 
10 to 20 per cent of that of their parent. No P%?-inactivation of the 
minority parental types could, however, be detected. It appears, there- 
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fore, that the portion of the parental DNA which appears to be linked 
to the h locus in Burgi’s experiments is either not equally linked to 
other genetic loci or is not identical with the portion which is trans- 
ferred as a big piece. 


Transfer from Ultraviolet Irradiated Parental Phages. 

UV-irradiated phage particles which are unable to produce progeny 
in single infection are able to contribute genetic markers to the progeny 
if they are accompanied into the bacterial host cell by live particles. 
This phenomenon is called “cross-reactivation” or “marker rescue” (26, 
8). The latter name is preferable, for the reason that if the UV-irradi- 
ated parent carries several unlinked genetic markers, then it can be 
shown that these markers are “rescued” independently of each other. 
Thus, we are not dealing with a reactivation of the whole UV-treated 
parent particle, but only with the rescue of undamaged segments of its 
genetic material by recombination. When Kozloff (21) studied the 
transfer from labeled UV-treated parents to progeny under conditions 
of marker rescue in mixed infection with live, non-labeled parents, he 
observed that the transfer is nearly the same as from live, 1.e., non-UV- 
irradiated parents. These experiments, however, did not permit a deci- 
sion as to whether this transfer is specific or unspecific, 1.e., whether the 
transferred label is imbedded in the genetic segments which are rescued, 
or whether, in addition to this genetic rescue which may not be accom- 
panied by transfer of label, there is some breakdown and reincorpora- 
tion of parental label. 

Hershey (pers. commun.) has recently extended these studies, and 
has made the remarkable discovery that a large part of the trans- 
ferred label from the UV-treated parent is not in live progeny, but in 
progeny particles which are dead in the same sense in which the 
UV-treated parent is dead, i.e., particles which are unable to produce 
a progeny when they are used in single infection, but are able to 
transfer their label to a second generation progeny when they are 
accompanied into the bacterium by live particles. Hershey examined 
the dependence on UV dose of the fate of the transferred label and 
observed that even at extremely high doses only about 45 per cent 
of the transferred label is in dead particles, and the rest is in live 
progeny. 

How did the parental label get into dead progeny? Since it can be 
shown that the number of such dead progeny is not very much greater 
than the number of UV-treated parental phages, we can say, to a first 
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approximation, that the dead parents do not replicate as dead particles. 
Hence part of the UV-treated DNA must have remained intact 
throughout replication and recombination to achieve maturation within 
a progeny particle rendered non-viable by its UV-lesions. How did 
any label then get into live progeny? The possibilities here are 
analogous to those which may account for the separation of the 
parental DNA from the h locus in Garen’s and Burgi’s experiments: 
(a) a fraction of the UV-treated parental DNA may be broken down 
and unspecifically incorporated into live progeny; or (b) marker 
rescue may imply a concomitant rescue of material elements from the 
UV-treated parents, i.e., genetic recombination may be fragmenting; 
or, finally, (c) the phage DNA may be bipartite, consisting of two 
portions, one of which, transferred inviolate, carries along any of the 
original UV lesions and may be identical with the transferred big 
pieces, and the other which is transferred specifically in such a way 
that any UV lesions are somehow erased during transfer with marker 
rescue. 

Some support for either of the last two interpretations may be 
derived from Hershey’s “reverse” cross, in which the live parent is 
labeled and the UV-treated parent is unlabeled. The result here is 
that some 10 to 20 per cent of the label transferred from the live parent 
is incorporated into dead progeny. Since we concluded above that the 
dead parent does not replicate and carries UV lesions to the progeny, 
we must now conclude that part of the DNA of the live parent ean 
wind up in a progeny particle which also harbors DNA with UV lesions 
either because live and dead DNA become mixed by fragmenting 
genetic recombination or because a few of the bipartite progeny par- 
ticles have drawn the UV-treated big piece for their “genetic” portion 
and some small pieces for their “non-genetic” portion from the ran- 
domly distributed “non-genetic” portion of the live parent. 

These experiments of Hershey’s are of a preliminary nature and are 
susceptible to refinement in various directions. At present their most 
significant aspect would appear to be the finding of a tie-up between 
material transfer, recognized by the P®2 label, and a specific transfer, 
recognized by the specifie properties of UV lesions. 


DISTRIBUTION EXPERIMENT WITH BAcTERIAL NUCLEI 


Decay of P’* atoms incorporated in the DNA, i.e., in the “nuclei,” 
of Escherichia coli bacteria destroys the ability of the cells to give 
. ~ > 
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rise to colonies, the rate of inactivation being proportional to the 
specific P?? content of the DNA (13). If now in the course of bac- 
terial reproduction the atomic identity of the parental nuclei is econ- 
served, i.e., if newly assimilated phosphorus atoms are introduced only 
into the daughter DNA, then the stable nuclei of a non-radioactive 
culture of cells inoculated into a medium containing P32 would never 
acquire any radioactivity, and hence would remain stable. After 
growth in the radioactive medium the culture would still possess its 
initial number of non-radioactive nuclei and the colony-forming ability 
of cells harboring these nuclei could not be eliminated by radioactive 
decay. Conversely, when a radioactive culture, homogeneously subject 
to loss of colony-forming ability by radioactive decay, is inoculated 
into a medium containing no P*? and if the nuclei subsequently syn- 
thesized contain only de novo material, then very quickly a class of 
cells would arise which would contain entirely non-radioactive, i.e., 
stable, nuclei immune from inactivation by decay. On the other hand, 
if the atomic identity of the bacterial nucleus is destroyed during its 
replication and the parental atoms are dispersed among daughter 
nuclei, then in the two experiments just considered stable nuclei of 
non-radioactive cells will quickly become radioactive upon growth in 
the presence of P?? and radioactive nuclei will still give rise to radio- 
active, albeit less radioactive nuclei upon growth in the absence of P*?. 

When experiments of this sort were carried out (13), it was observed 
that more than 99.9 per cent of the cells of an initially unlabeled cul- 
ture which had assimilated P*? for only shghtly more than one genera- 
tion were subject to P#*-death in a manner indicating that duplication 
had dispersed the DNA atoms of each bacterial nucleus equally over 
its daughters. Similarly, when a P%?-labeled culture of bacteria was 
allowed to grow for slightly more than one division in non-radioactive 
medium, the rate of P*?-inactivation of the culture was reduced in a 
manner as if an equipartition of the radioactive atoms between the 
daughter nuclei had taken place. Upon further divisions in non- 
radioactive medium, however, a minority of cells began to appear in 
the culture which were less P?2-sensitive than if equipartition of the 
original P32 atoms had continued, although even after n arly four 
divisions no completely P#2-refractory bacteria had yet appeared. 
This result is compatible with semi-conservative replication, which 
would predict equipartition of the original P** atoms in the first, but 
conservation in subsequent nuclear divisions, provided that the failure 
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to observe P%2-stable cells after several divisions is attributed to 
random segregation of different “chromosomes.” These results, how- 
ever, are also compatible with either conservative replication followed 
by post-replication fragmentation, or with dispersive replication, either 
of which would explain the equipartition of nuclear substance at the 
first division. The slowly dying cell minority appearing after further 
divisions could then reflect a heterogeneity in growth rate of the bac- 
terial population. For the descendants of rapidly growing cells which 
have made more than the average number of divisions would have 
reduced their specific P?*-content more than anticipated on the basis 
of equipartition calculations. The only possibility definitely elimi- 
nated by this experiment is that the DNA of the E. coli nucleus 
replicates by a conservative mechanism without being subject to post- 
replication fragmentation. 


DISTRIBUTION EXPERIMENT WITH CHROMOSOMES 


Plaut and Mazia (31) permitted root tissue of hawk’s beard (Crepis 
capillaris) to incorporate the C!4-labeled DNA precursor thymidine 
for a time long enough to allow some cells to pass from early inter- 
phase to telophase. The radioactivity contained in the six chromosomes 
of each of the two sister nuclei of a number of telophase figures was 
then measured by autoradiography, and certain significant inequalities 
in C'* content observed between pairs. The frequency distribution of 
the magnitude of these inequalities was of such a nature that it could 
be accounted for by synthesis de novo of the six daughter chromosomes, 
followed by a random selection of either the (non-radioactive) mother 
or the (radioactive) daughter chromosome for migration to each pole. 
If these observed inequalities in C!4-content between telophase nuclei 
were not due to heterogeneities inherent in either the autoradiographic 
technique or the metabolism of the thymidine, then it would seem that 
the DNA of one of the daughter chromosomes contains very few of the 
atoms of the progenitor. Dispersive or semi-conservative replication 
mechanisms would thus, at first sight, be ruled out, and conservative 
replication indicated. A single chromosome, however, may contain a 
large number of DNA molecules, and it is here even less certain than 
in the case of the much smaller bacteriophage that every DNA molecule 
actually participates equally in the replication processes of the inter- 
phase. In the extreme case, it is conceivable that only one of n identical 
DNA molecules of an n-fold chromosome has given rise to n duplicates 
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of itself through repeated replication cycles to supply the substance 
of the daughter chromosome while the remaining n — 1 molecules have 
remained inactive. In that case, the average “age” of the atoms of the 


daughter chromosome would be less than that of the mother chromo- 
some atoms, whether the elementary replication act involved conser- 
vation or dispersion of the atoms of the duplicating DNA molecule. 
As Mazia and Plaut have pointed out, their experiment excludes the 
possibility that all the DNA molecules of the chromosome participate 
equally in replication and do so by either semi-conservative or 
dispersive mechanisms. 

Summarizing the attempts carried out up until the present time to 
discover the distribution of the parental atoms in the course of repli- 
cation, we may state that two fundamental difficulties have so far 
prevented us from drawing any unambiguous conclusions concerning 
the question whether DNA replication is conservative, semi-conserva- 
tive, or dispersive. An observed unequal distribution of the parental 
atoms may be due to an unequal role in the duplication process of 
various fractions of the total DNA contained in the self-duplicating 
structure, while an observed equal distribution may only reflect the 
randomizing effect of some post-replication event like fragmentation 
by genetic recombination. 


INTERRUPTIONS OF THE POLYNUCLEOTIDE CHAIN 


We may now discuss some other experimental results relevant to the 
mechanism of DNA replication. It has been noted that the resting 
DNA duplex appears to be able to sustain numerous interruptions of 
its two polynucleotide chains without thereby losing the capacity to 
reproduce itself. The mechanism by which bacteriophages and bac- 
terial nuclei are inactivated by decay of P?? atoms incorporated into 
their DNA indicates that as little as one in every twenty to thirty 
breakages of the phosphate diester bonds responsible for the continuity 
of the sugar-phosphate backbone may actually be lethal (13, 18, 34). 
The increased heat-sensitivity of Hemophilus transforming principle 
partially digested by DNAase likewise suggests that the biological 
activity of DNA molecules may survive enzymatic hydrolysis of a 
number of their phosphate ester bonds (45). While it is easy to see 
how the great number of intra-chain hydrogen bonds can preserve the 
structural integrity of the DNA duplex in spite of numerous inter- 
ruptions in each single polynucleotide chain (11), it is more difficult 
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to understand how the replication of such an interrupted DNA duplex 
could be successful if it required unwinding and separation of the two 
strands. The interrupted chains would present no difficulty, on the 
other hand, if the resting DNA duplex is replicated by a conservative 
mechanism not requiring any unwinding of the parental molecule. 


INFORMATION TRANSFER 


Two sets of observations have recently been made which lend them- 
selves to the interpretation that the DNA introduced into the bacterial 
cell by the infecting bacteriophage does not replicate itself directly 
but rather through an intermediary substance to which the genetic 
information is temporarily transferred in the course of the replication 
act. Neither one of these observations proves such a notion, but in 
view of the unexpected nature of these findings it would be unwise not 
to give some currency to “information transfer” as a possible replica- 
tion mechanism. 

In the first of these experiments, P?2-labeled bacteria were infected 
with P**-labeled T2 particles and the inactivation by P?2 decay of the 
infective center was studied at various stages of phage development 
(33). It was discovered that soon after phage development has got 
under way, the ability of the infected cell to liberate infective phage 
progeny can no longer be suppressed by radioactive decay, even though 
the parental DNA and all of its vegetative replicas are highly radio- 
active and ought, therefore, to be subject to destruction. If now at 
the outset of the infection the “information” of the infecting DNA is 
transferred to some substance not sensitive to inactivation by P8?- 
decay, either because it contains no phosphorus (protein?) or because 
it possesses a structure of greater stability than the free DNA duplex 
(nucleoprotein?), then this intermediate could always generate more 
infective progeny DNA even if P**-decay had destroyed the parental 
DNA and all of the replica duplexes formed prior to decay. Alterna- 
tive explanations of this observation not involving the notion of 
information transfer are, however, not excluded. 

Some studies on the relation of protein synthesis to the replication 
of bacteriophage DNA have revealed that replication of phage DNA 
does not commence in T2-infected bacteria in which protein synthesis 
has been inhibited either by the presence of an amino acid analogue, 
or by the absence of a required amino acid or by the presence of 
chloramphenicol (7, 6, 29, 38). However, if the required amino acid 
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is removed or chloramphenicol is added only some time after the start 
of phage development, phage DNA synthesis does proceed in the 
absence of any further formation of protein, the rate of DNA synthesis 
being the greater the later protein synthesis was arrested. It seems, 
therefore, that the formation of a protein is required before replication 
of the bacteriophage DNA commences; once some of this protein has 
been made, DNA replication can proceed. One might suppose that 
this protein is an inducible enzyme required for the synthesis of some 
building block of the phage DNA, e.g., the pyrimidine 5-hydroxy- 
methyleytosine, were it not for the observation of Tomizawa and 
Sunakawa (38) that the UV-resistance of T2-infected bacteria does 
not increase further after the addition of chloramphenicol even though 
more and more phage DNA accumulates within the cells. Tomizawa 
and Sunakawa’s findings fit better with the idea that the high UV- 
resistance of T2-infected bacteria late in their eclipse (2, 27) is due 
to the appearance of a protein or nucleoprotein capable of directing 
the synthesis of progeny DNA after ultraviolet light has damaged the 
parental DNA and any of its replicates formed prior to irradiation. 


GENETIC RECOMBINATION AND REPLICATION 


It is clear that if “copying choice” is actually the mechanism under- 
lying genetic recombination in bacteriophage, no proposed DNA reph- 


cs 


cation scheme can be considered satisfactory unless it also brings some 
structural insight into how the “mating” of templates and switching 
of growing replicas can be accomplished. What molecular forces make 
it possible for these highly specific matings to be so frequent during 
the multiplication of T2 and T4 bacteriophages that virtually every 
replication appears to proceed along a “mated” template? Under the 
Watson-Crick replication mechanism in its conservative (Bloch, 
Butler), semi-conservative (Levinthal-Crane, Platt), or dispersive 
(Delbriick) guises the mated templates would be two entire parental 
DNA duplexes which have come into point-by-point alignment. The 
structure of the intact DNA duplex, however, does not suggest any 
obvious way as to how two such molecules could manage to pair in 
such a way that regions of identical base sequence are in exact 
apposition. 

Perhaps some fresh approach to the molecular mechanism of DNA 
replication could be made by considering that mating of templates 1s 
not a facultative but rather an obligatory feature of the replication 
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process, in contrast to all the replication schemes so far discussed, 
which have assumed implicitly that only one parental template is 
involved in each replication act. It is conceivable that there exists 
some fundamental reason why replication along a single template 
cannot get under way unless the template is ‘““mated” with one of its 
opposite numbers. A consequence of this hypothesis is naturally an 
equivalence of rounds of replication and mating, which, as we have 
already mentioned, does, in fact, obtain in the multiplication of T2 
and T4 phages. 

Unlike the case of T2 and T4, the number of observed rounds of 
mating and replication is actually not at all equal during the growth 
of two other phage strains whose recombination mechanism has been 
studied in detail. Coli-phages lambda and T1 appear to experience 
very few rounds of mating in the course of their normal latent period, 
while undergoing roughly the same number of rounds of replication as 
T2 and T4 (5, 44). This fact, which on first sight appears to rule out 
the hypothesis just advanced, can actually be reconciled with an 
obligatory mating-replication relation when some of the growth char- 
acteristics of these strains are compared with those of T2 and T4. 
Phage lambda is a temperate bacteriophage, i.e., one which is capable 
of being carried as a prophage in the nucleus of a lysogenic bacterial 
cell; strain Tl*has never been observed in the prophage state and is, 
therefore, strictly speaking not temperate. It is possible, however, that 
T1 shares with temperate phages the characteristic which is important 
for the present considerations, viz., that it can mate with the nucleus 
of the bacterial host cell (15). There exist a number of genetic and 
radiogenetic observations which make it appear that temperate phages 
mate with the nucleus of the host cell not only during their lysogenic 
response, in which the genome of the infective phage particles becomes 
integrated with the genome of the host cell, but also during their 
vegetative development following induction or infection in the lytic 
response (15, 35, 43). If temperate vegetative phages, therefore, choose 
host templates as mating partners in the replication process, most of 
the matings during the latent period may not produce any detectable 
recombinants and would hence go unnoticed. That is, since the number 
of rounds of mating is necessarily measured by the frequency of 
recombination between markers introduced by two or more infecting 
particles, only a fraction of the total rounds of mating taking place 
during the lytic growth of temperate bacteriophages would be scored 
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in any cross. The apparent discrepancy between rounds of replication 
and mating in the case of temperate phages thus does not eliminate 
the notion that mating is required for replication. 

It would not seem too profitable, however, to speculate much further 
about the chemical nature of the molecular species representing the 
mating structure and serving as the template in the synthesis of 
daughter DNA molecules. Such a proposal should incorporate the 
fundamental notion of replication by complementary pairing of purines 
and pyrimidines or substitute for it an idea at least as plausible as 
the mechanism of Watson and Crick, the only specific molecular 
mechanism of replication conceived until this day. 


SUMMARY AND CONCLUSION 


Let us now briefly recapitulate. We first discussed the topological 
difficulty in the replication of DNA arising from the fact that the two 
strands of the Watson-Crick structure are wound around each other 
in many turns. We pointed out a number of ways by which this diffi- 
culty cannot be overcome and some ways in which it can be. 


We then attempted a general classification of replication schemes 
according to the manner in which a parental label is distributed during 
replication. This distribution may be conservative, semi-conservative, 
or dispersive. 

Next we considered the fact that in phage, at least, replication and 
genetic recombination appear to be events which are experimentally 
not separable. In a discussion of experiments relating to the distribu- 
tion of a parental label, therefore, genetic recombination cannot be 
ignored. In view of our ignorance of the real nature of the mechanism 
of genetic recombination, we can as yet do no better than to classify 
the various recombination schemes, and a useful classification would 
appear to be again one which makes reference to the fate of a parental 
label. Thus we were led to the classification of the schemes into 
fragmenting and non-fragmenting recombination. 

We reviewed the findings concerning the transfer of DNA from a 
labeled bacteriophage parent to its progeny from the point of view of 
the distribution of the parental DNA in the course of replication and 
recombination. The fact that the transfer is incomplete, i.e., of the 
order of 35-50 per cent, was seen not to reflect an a priori division of 
the phage into transferable and non-transferable DNA. On the con- 
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trary, the indications are that the label which fails to be transferred 
represents a random section of the parental DNA. With respect to the 
distribution among the progeny particles of the transferred parental 
label, both autoradiographic as well as P*?-inactivation experiments 
show that about half of the transferred parental DNA is transferred 
in big pieces and that the remainder of the transferred parental label 
is more widely distributed. What shall we make of this odd distribu- 
tion? One might be inclined to conclude that the DNA of the bacterio- 
phage is bipartite, one portion being of such a nature that it is trans- 
ferred in small pieces. In support of this conclusion one may point to 
the results of second generation experiments, which, as can be inferred 
from both autoradiographic as well as P2-inactivation measurements, 
suggest that the big pieces do not suffer appreciable further fragmenta- 
tion during a second transfer. It would remain to be seen, however, 
whether this lack of further fragmentation of big pieces has been proven 
with sufficient rigor to exclude their origin in fragmentation processes 
operating on an unipartite phage DNA. 

The possibility of a bipartite structure of the phage DNA now brings 
a further complication into the interpretation of the distribution results 
as to whether replication is conservative, semi-conservative, or dis- 
persive. It is possible that the two hypothetical parts do not play 
equivalent roles in the replication drama, and hence it must be estab- 
lished that the big pieces are, in fact, replicating, before their persistence 
through repeated growth cycles can testify against dispersive replica- 
tion or fragmenting recombination schemes. It is by no means excluded 
that the small pieces could be responsible for the replication of the 
entire phage DNA. Thus if the bipartite structure should turn out to 
be real, then it appears to us that the function of the two parts must 
be clarified before any valid conclusion can be drawn regarding the 
replication mechanism. 

Further support for the bipartite structure of the phage DNA may 
be derived from the fact that experiments in which the transfer of 
label from parent to progeny is linked to a genetic marker or to UV 
lesions can likewise be interpreted in these terms. Explanation of these 
results by means of replication and recombination schemes not in- 
volving bipartite structure is, however, equally possible, and at least 
one experiment showed that the fraction of the parental DNA which 
stayed “true” to a genetic locus either was not identical with the frac- 
tion transferred as a big piece or was not linked equally to all loci. 
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Finally, we have discussed several groups of experiments which 
suggest the involvement of complications of another sort. There exists 
Suggestive experimental evidence that protein synthesis may be an 
essential part of DNA replication, that information transfer occurs to 
some unknown molecular structure, that mating may be an integral 
part of replication. 

It appears to us that no definite conclusions regarding replication 
can be drawn at the present moment. Our review can do no more than 
delineate the problem and assess the evidence. We hope that it will 
help to clarify the issues and to speed the answers. We are confident, 
in fact, that the whole issue will be resolved before many a day. Who 
knows, perhaps even before this goes to press? 
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THE MOLECULAR BASIS OF GENETIC 
RECOMBINATION IN PHAGE 


C. LEVINTHAL and C. A. THomas, JR.* 
Physics Department, University of Michigan, 
Ann Arbor, Michigan 


Mo.LecuLar autoradiography allows one to carry out tracer experi- 
ments on single DNA molecules and single virus particles. It also 
makes possible the determination of the size or molecular weight of 
individual particles. The details of the method and most of the pre- 
liminary results obtained with phage have been reported elsewhere, 
or are in press (3), and have been partially included in the review 
by Delbriick and Stent (see their review in this volume for full refer- 
ences on the transfer studies with phage). In this paper we will give 
a brief summary of the previous work and indicate the status of some 
of the current experiments. We will also discuss briefly some of the 
theoretical and experimental problems which are raised by these results. 

The method of molecular autoradiography consists of surrounding 
the radioactive particle with an electron-sensitive nuclear emulsion 
(Ilford, Ltd. G-5 emulsion) in which the passage of a fast electron 
produces a track composed of exposed silver grains. If a single particle 
has several radioactive atoms which decay during the exposure time, 
then, on development, one can observg a star in the emulsion, that is, 
a point from which there emanate several electron tracks (Fig. 1). 
The observable quantities are the number of tracks per star, which 
we designate r, and the number of stars per unit volume of emulsion. 
When used with P22, the detection of the 8 emission is approximately 
100 per cent efficient, as has been demonstrated by counting the mean 
number of tracks per star produced by virus particles of a known 
P22-content. Using radioactive phosphorus as the label, the activity 
of a particle can be determined if it is as high as about 15 disintegra- 
tions per month. Thus the method is about 10° times more sensitive 
than a Geiger counter for measurement of localized radioactive label. 

Obviously, the number of tracks observed in any one star is affected 
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by the random incorporation of the radioactive isotope, as well as the 
laws of radioactive decay. In all cases to be discussed here, the 
observed distribution for r is consistent with a single Poisson distri- 
bution with a mean designated r. Thus r is the only number which 
can be meaningfully used to describe the size of the stars from a given 
plate. In general, enough stars have been counted so that the probable 
error in r due to sampling alone is approximately 10 per cent. The 
inherent uncertainties in the count of any one star due to overlapping 
tracks produce an error which is smaller than this. 











TABLE 1 
Intact Phage After Osmotic Shock 
Uniformly Labeled Parental Phage 100 40 + 4 
First Generation Progeny 24 + 3 PRY ae o 
Second Generation Progeny Ometess Too dilute for study 





This table gives the number of P32 atoms in the star-forming particles of the 
various fractions normalized to 100 for the original uniformly labeled phage. 


The results previously reported are summarized in Table 1. They 
indicate (a) that there is a large piece of DNA in the phage T2 which 
has a molecular weight of approximately 45 million, if we take the 
total phosphorus content of the phage as 2 X 10~'? pg. Recent 
measurements show that there is, on the average, one large piece 
liberated from each phage by osmotic shock, and this measurement 
has an error of less than 10 per cent. Osmotic shock of the phage T4 
also liberates a large piece of DNA of the same size as that found 
in T2. Dr. Geoffrey Brown will present in the following discussion his 
evidence that this piece of DNA is not associated with the protein 
coat. (b) The table shows that when radioactive phages are allowed 
to go through one cycle of growth in non-radioactive bacteria, there 
are among the progeny a few phage particles in which this large piece 
of DNA has approximately half the P** atoms of the corresponding 
piece in the parental virus particles. And (c) if these first progeny 
viruses are allowed to go through a second erowth cycle in unlabeled 
bacteria, then the mean value of the star size r does not change. 
Measurements of the number of stars indicate that the P?? in the large 
piece has roughly the same probability of being transferred to the 
progeny as does that in the smaller fragments. 

The most appealing interpretation of these data is that this large 
piece of DNA in phage is the chromosome, that is, the physical struc- 
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ture containing the genetic information of the phage. Since it is known 
that the “half-hot big piece” + of DNA appears in an active phage 
particle, it now becomes of primary importance to learn whether or 
not its presence has conferred on this particle a particular set of 
genetic characters. To examine this question, crosses are being car- 
ried out to test the correlation between the presence of stars and vari- 
ous genetic markers of the phage. The cross T2P32h+r, & T2P*1hry. 
has been studied in detail. The rapid lysis marker r, which produces 
a modified plaque morphology, is used so that one has an independent 
marker to follow genetic recombination. Phage particles with the host 
range mutant 4 can be separated from the wild type h+ by absorption 
on a bacterial cell resistant to the phage T2. However, it has been 
shown (Novick and Szilard, 6) that from a cross of this type one 
obtains particles whose phenotype, as judged by the ability to absorb, 
does not conform to the genotype of the particle as judged by the 
phenotype of the progeny it produces. It is therefore necessary to 
allow the progeny of the cross to grow in bacteria which are singly 
infected in order to remove this confusion of phenotype and genotype. 
When this is done, we find that at least 90 per cent of the particles 
able to form stars have the absorption characteristics of the h+ parent. 
This result indicates that the large piece of DNA which entered the 
cross in the h+ parent is not distributed at random among the progeny, 
but remains closely associated with the presence of at least one gene. 
It will obviously be necessary to carry out this type of cross with 
other genetic markers before one can be sure that the large piece of 
DNA is the chromosome of the phage, but this does seem to be a useful 
hypothesis with our present knowledge. 


These crosses can demonstrate that the genetic information of the 
phage is carried into the infected cell in the large piece of DNA. How- 
ever, we cannot by this method hope to demonstrate that the informa- 
tion is not then transferred to some other cellular component before 
replication and mating occur. The only basis for assuming that this 
does not occur is the requirement of simplicity. There is at the moment 
no convincing evidence to the contrary, and it seems most profitable 
to explore the simpler explanations before considering the more 
complex ones. 


* One of the aims of this work is to replace the phrase, “the big piece,” by the 
word “chromosome,” ' 
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We will adopt as working hypotheses both that the genetic informa- 
tion enters the infected cell in the 45 million piece of DNA, and that 
it remains in structures of this type throughout the phage growth 
cycle. We can then conclude that half of the atoms of this piece of 
DNA remain together in one particle in spite of many successive acts 
of recombinant production and replication. This suggests that the 
phosphate-ester linkages in one chain of the double helix of DNA are 
not broken either by replication or by recombination. It is not pos- 
sible to conclude that the two chains are separated, with one going to 
each of the two daughters at every act of replication. All that is 
suggested by the current experiments is that at least once in each 
growth cycle the two strands which were originally together in one 
molecule become separated. This would account for the drop in the 
star size associated with the large piece of DNA from 40 per cent of 
the P?2 of the original phage to 20 per cent in the progeny of the first 
generation of growth. 


In order to consider specific ways in which recombinants might be 
formed, it is necessary to recall the genetic data indicating that the 
heterozygotes act as intermediates in the production of recombinants. 
Hershey and Chase (1) discovered the heterozygous phage particles 
and showed that on infection they give rise to two kinds of progeny 
which differ with respect to the markers in a short region of the 
genetic map. Further genetic analysis (2) indicated that the progeny 
of the heterozygotes were usually recombinants for markers on oppo- 
site sides of this duplicated region. It has also been shown that there 
are enough heterozygous particles observed so that they could account 
for all of the recombinants formed. Therefore, it seems likely that 
these structures are the direct product of the mating act and that 
their further intracellular growth produces most of the observed 
recombinants. 

This genetic evidence would be satisfied if the heterozygotes con- 
tained a single DNA molecule with the order of the nucleotides in the 
heterozygous region not being strictly complementary, but determined 
by the sequence from the two different parents of the cross. The 
nucleotides on either side of this special region would show exact 
complementarity, but the sequence on one side would be determined 
by one of the parents, while that on the other side would be deter- 
mined by the other parent. The lack of complementarity in the 
heterozygous region would not be expected to have any significant 
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structural consequences, since it would involve only a few nucleotide 
pairs in a region of several thousand pairs. 

It is, unfortunately, very difficult on the basis of present knowledge 
to decide whether or not a plausible dynamic scheme can be con- 
structed to account for the formation of such a particle by the inter- 
action of two DNA molecules during the course of their replication. 
However, a preliminary study of the mechanies of this process with 
very crude models indicates that it is possible to find a sequence of 
plausible operations which will lead to the production of the required 
type of heterozygous particles. Each of the two chains would be 
partially copied on one parent, and partly on the other, and the 
heterozygous regions would arise if the template switch occurred at 
a different point on each chain. Although such speculation does not 
prove a positive point at this stage of our knowledge, it does serve to 
show that there is no compelling reason to believe that recombination 
cannot take place between essentially free DNA molecules under 
appropriate conditions. 

The static model of DNA given to us by the crystallographer cannot 
easily account for recombination or even for specific pairing of the 
structures preparatory to recombination. It is, however, clear that 
even if only a small fraction of the hydrogen bonds which are normally 
responsible for intramolecular pairing were available for intermolecular 
pairing, sufficient specificity could be obtained for precise pairing. 
These speculations require much more knowledge of the physical 
chemistry of the DNA molecule. One would have to know how the 
base pair hydrogen-bond energy compares to the energy involved in 
forming hydrogen bonds with water before one could calculate the 
fraction of the bases which will be unpaired in the equilibrium situa- 
tion. And one would also have to know the activation energies in order 
to estimate the probability of the equilibrium situation being achieved. 

Since mating does not seem to involve breaks in the phosphate ester 
links, we can rule out breakage and reunion of already formed DNA 
molecules, i.e., crossing-over, as being responsible for recombinant 
formation. However, further detailed model building and more infor- 
mation on the energetics of base pairing will be necessary before it 
will be possible to see if one ean construct a simple scheme involving 
de novo synthesis of recombinants by minor modifications of the 
Watson-Crick ideas of complementary replication of DNA. 


C. LEVINTHAL AND C. A. THOMAS, JR. 743 


REFERENCES 


1. Hershey, A. D., and Chase, M., Genetic Recombination and Heterozygotes 
in Bacteriophage. Cold Spring Harbor Symposia Quant. Biol., 16, 471-479 
(1951). 

Levinthal, C., Recombination in Phage T2; Its Relationship to Heterozygosis 
and Growth, Genetics, 39, 169-184 (1954). 

Levinthal, C., The Mechanism of DNA Replication and Genetic Recombina- 
tion in Phage, preliminary report at Pallanza Conference, Rend. ist. lom- 
bardo sct., Pt. I, 89, 192-199 (1955). 

4. Levinthal, C., The Mechanism of DNA Replication and Genetic Recombina- 

tion in Phage, Proc. Natl. Acad. Sci. U. S., 42, 394 (1956). 
5. Levinthal, C., and Thomas, C. A., Jr., Molecular Autoradiography—The B-Ray 
Counting of Single Virus and DNA Particles in Nuclear Emulsions, in press. 
6. Novick, A., and Szilard, L., Virus Strains of Identical Phenotype but Different 
Genotype, Science, 113, 34-35 (1951). 


to 


Oo 


DISCUSSION 


Dr. Brown: By combining these astronomical methods of Dr. Levin- 
thal with the more plebeian methods of fractionation we have been 
able to get some chemical information about these big pieces in the 
bacteriophage DNA. Our original fractionation method was that by 
combining fractionated histone with cellulose by diazotization and 
then by adsorbing the nucleic acid on the cellulose histone and then 
eluting with sodium chloride we obtained elution patterns showing 
two large peaks. We determined the base ratios in the elution diagram. 

adenine + thymine 

guanine + 5-hydroxymethy! cytosine 
in the different fractions turned out to be slightly different. In one 
ease fraction A was 1.9 and fraction B was 2.1. Then we measured 
the glucose content by reacting these fractions with anthrone, and we 
found the amount of glucose in fraction A to be molecularly equivalent 
to about 65% of the 5-hydroxymethyl cytosine. In the case of fraction 
B we found a 100% equivalence of glucose to 5-hydroxymethy] cytosine. 
With Dr. Neville Simons we have examined these. We put osmotically 
shocked hot phage on these columns and then examined the number 
of stars in each fraction. Most of the P*? label appeared in fraction A. 
We measured nucleic acid and P®? in these fractions. It appears that 
fraction A contains about 35% to 40% of the total DNA on the large- 
scale fractionation, and we assume that small-scale fractionation 1s 
the same as the large-scale one. This was done by shocking 10° hot 
phages and then running them and counting p32 as stars. It appears 
that fraction A, which had the low glucose content and the low base 
ratio, is Dr. Levinthal’s large piece. 

Dr. Leperserc: Dr. Stent mentioned an experiment which involved 
the inactivation of Escherichia coli. He made the very interesting 
statement that the bacterial nucleus apparently does not replicate by 


. The base ratios 
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a nondispersive mechanism. I think he was careful to say nucleus 
rather than chromosome or DNA. What bacteria were you using? 
E. coli B? 

Dr. Stent: No, strain B/r. 

Dr. LEDERBERG: Well, we know as little about B/r and its detailed 
genetical constitution with regard to how many chromosomes there are, 
etc., as we do about B. In addition, I think there would be the question 
of what the mechanism of killing in bacteria would be. If there were 
one hit in several of the nuclei in the bacterium, it is far from clear 
that that would not kill the cell; so it might be worthwhile to consider 
experiments with uninucleate bacteria, which E. coli is not. 

Dr. Stent: We have. 

Dr. LeperBerG: Would you like to comment on that? 

Dr. Stent: These experiments were carried out by Dr. Clarence 
Fuerst in Berkeley. One labels the bacteria, with a high level of P22, 
freezes the system at —200°C., lets P?2 decay proceed and then from 
day to day thaws samples and plates them for colony counts. One then 
obtains a 3- to 4-hit survival curve. The number of hits, I believe, 
corresponds to the number of nuclei which Witkin has identified by 
cytological techniques in the same strain under the same condition. 
We believe that the number of hits of the survival curve is a reflec- 
tion of the number of nuclei. If the final slope of the inactivation curve, 
which reflects the rate at which the last nucleus is killed, is compared 
with the rate with which bacteriophages, which of course are entirely 
different in size and properties, are killed by P3? decay, practically the 
same efficiency of killing per P#2 disintegration is found. So we 
believe that the same P2 killing mechanism is at work in phage and 
in bacterial nuclei. If these P%2-labelled bacteria are starved for 
phosphorus, so that they get very small, then the number of hits of 
the survival curve is reduced although the final slope is unchanged, 
indicating then that if the number of nuclei per cell is reduced the 
survival curve becomes more nearly exponential. Finally, it is neces- 
sary to make control experiments to see that indeed it is the DNA 
decay that is lethal, because most of the P22 is in RNA or in other 
cellular fractions. We had the good fortune that Dr. Seymour Cohen 
happened to be in Berkeley and he gave us EF. coli 15T—, the thymine- 
less strain which doesn’t synthesize DNA unless it is given thymine. 
We grew two cultures of 15T— and then placed both cultures in P32, 
one with thymine and one without thymine. Both cultures took up 
practically the same amounts of P%?, because DNA synthesis is only 
a minor contributor to the total phosphorus assimilation, After 30 
minutes both cultures contained practically the same amount of intra- 
cellular P®? except that one of them didn’t have any P®2 in its DNA. 
We then froze aliquots of the two cultures, let P32 decay take place, 
and thawed and plated samples from day to day to see what is the 
survival. The cells which had assimilated their P32 in the presence of 
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thymine showed a much faster death rate than those which had 
taken up their P** in the absence of thymine, indicating that the 
nore lethal effect was due to decay of P®? atoms in the nuclear 
material. 


_Dr. Jacos: I just wanted to add a comment to Dr. Stent’s about 
killing the bacteria by P*? decay in the DNA. It is possible to mate 
bacteria in which the donor Hfr was labelled with P??, and the F—- 
recipient was not labelled with P*?. The cross can be performed under 
conditions where no synthesis of DNA occurs. It is therefore possible 
to have zygotes in which the part of the F— cell is non-radioactive, 
whereas the part issued from the Hfr is labelled with P??. Now, we 
know a certain number of markers here, and we can follow the 
inactivation of various types of recombinants as a function of P* 
decay. We then select for recombinants having one given length of 
genetic material inherited from the Hfr parent or another length. Such 
experiments performed in collaboration with Dr. C. Fuerst and Dr. 
E. Wollman have shown that the decay is roughly proportional to 
the length of the piece that 1s acquired, so it seems likely that the 
killing of the bacteria in this instance is due to P#? inactivation 
in the DNA. 

Dr. LepERBERG: Would you care to comment on the hint that you 
dropped about the dissociation of genetic markers from big pieces? 


Dr. Stent: This experiment is described in the written version of 
our discussion and concerns a four-factor cross of a P#?-labeled 
parental phage in minority against a non-radioactive parent in major- 
ity. The conclusion of this experiment was that there doesn’t seem to 
be a phage chromosome which survives the mixed infection and 
reappears intact among the progeny. This conclusion, however, must 
be considered as rather tentative since it is possible that the genetic 
markers which we employed may have had some physiological effect 
on the course of phage development and produced an abnormal 
behaviour not otherwise encountered. This four-factor cross is now 
being repeated in Ann Arbor by Dr. Levinthal and his collaborators 
with different markers. 

Dr. Levinruat: Dr. Martha Baylor and I have been repeating the 
4-factor cross, reported by Stent and Sato, using a series of host-range 
markers which she has been studying for the past two years. At 
present the results are preliminary, and a good deal more work will 
be necessary before we have precise data. However, it is clear from 
our present work that about half of the single bursts which show any 
genes of the minority parent also show at least one copy of the 
minority parental type itself. ‘bis 

This result, of course, is in serious contradiction to that reported by 
Stent and Sato. We believe that the reason for this difference lies in 
the fact that they used the so-called “minute” marker and had a burst 
size which is approximately 1/5 to 1/10 of the normal. It seems very 
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likely that this reduction in burst size represents some kind of faulty 
maturation of the phage and, therefore, is responsible for an incom- 
plete sampling of the genetic units which are actually produced. This 
incomplete sampling would mean that the lack of suicide observed by 
Stent and Sato would be expected on any model of recombination. 
Any copies of the minority parent produced by growth would be 
expected to contain non-radioactive phosphorus atoms, and therefore 
not show the suicide effect. 

We believe that they were looking primarily at those single bursts 
in which there had in fact been replication, and in which, therefore, 
most of the parental type copies were non-radioactive. I do not 
believe that any controls have been done to test this point in the 
minute system. One does not, for example, know in this case whether 
or not the P*? transferred is normal. If our explanation is correct, we 
would predict that this transfer would be very much lower than normal 
in the system used by Stent and Sato. 


Dr. Cuarcarr: I would like to ask Dr. Stent a question. When you 
label the nucleic acid with P%? and the phosphorus explodes you create 
a sulfuric acid ester at this point. There is little known about the 
sulfuric acid diesters and their stability. However, you assume, I 
suppose, that the chain breaks at the point where the P22 has gone to 
pieces. Is any chemical work known on sufficiently strongly labelled 
DNA to show that actually such breaks do oceur—for instance, change 
in Viscosity or sedimentation constants? Furthermore, I would think 
it would make a difference whether you have a large number of such 
phosphate bridges throughout the length of the molecule whether you 
break the molecule in half, if the phosphorus happens to be in the 
middle of the chain. I was just wondering whether anything has been 
done chemically on this. 


Dr. Stent: The difficulty is that the quantities of DNA which we 
have available for work, because of the extremely high level of label, 
are so small that direct viscosity measurement of breakage of DNA 
molecules is not possible. It would be possible to measure the decrease 
in molecular weight after P22 decay by diffusion techniques, in which 
the diffusion is followed by the radioactivity itself. This hasn’t been 
done. The physiological and genetic properties of the P#2-activated 
phage particle fit nicely with the notion that the DNA molecule is 
actually cut by the radioactive decay. 


Dr. LevINTHAL: We are testing this point experimentally, using the 
star method, but the plates are still in the icebox and we won’t have 
any results for several weeks. 


Dr. Crick: As essentially a new structure has been proposed by Dr. 
Stent, I feel that I should comment on it. The base pairing suggested is 
like-with-like pairing; adenine goes with adenine, cytosine with cyto- 
sine, and so on. You may perhaps wonder why this wasn’t pointed out 
by Donohue, who published a paper recently on all the possible base 
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pairs. The reason is that Dr. Stent has turned over two of the base 
pairs with respect to the other two. This makes the position of the 
glycosidic bonds of the four pairs much more similar than they would 
be otherwise, and thus makes it easier to fit the base pairs onto a 
regular backbone. 

_ Although each particular structure has to be examined separately, 
it seems unlikely to ask, from looking at models, that the pyrimidines 
can be inverted without getting bad van der Waal contacts. Adenine 
ean usually be turned over. Whether one can turn guanine over 
depends upon where its NH» group ends up, and this may vary from 
one structure to another. 

The proposed structure, then, is certainly not an impossible one, 
but I should like to have the details of it from Dr. Stent and Dr. 
Donohue before commenting further. 

In order to get guanine to pair with guanine the authors have had 
to invoke a tautomeric shift of a hydrogen atom. This means that 
guanine could also pair with adenine, so that really the pairing rules 
are purine with purine, cytosine with cytosine, and uracil with uracil. 
If the pyrimidines also are allowed tautomeric shifts, the rules would be 
purine with purine and pyrimidine with pyrimidine. However, Dr. 
Stent’s idea is that this is not a replicating structure but a mating 
structure. In a replicating structure one expects the bases to pair rather 
accurately, so that mistakes are rare. In a mating structure, however, 
you want bases to go together which are similar but not necessarily 
identical. So the fact that guanine can pair with either guanine or 
adenine, which would be surprising for a structure used for replication, 
does not matter for a mating structure. 

I suppose I should point out that this idea of a structure for RNA 
is not too dissimilar from our own recent ideas, which Dr. Watson 
explained, that perhaps RNA consists of two parallel intertwined 
helical chains, with occasional base pairing. However, we shall have 
to do a lot more x-ray work before this very tentative model can be 
taken seriously. The present x-ray data certainly do not prove that 
such a structure exists, and the quality of the pictures suggests a more 
disordered model than Dr. Stent has described, but that may be due 
to the way our RNA specimens have been treated. In short, there is 
an interesting coincidence here between the idea of a mating structure 
for RNA and the ideas derived from the x-ray data, but this coinci- 
dence should be treated with great caution for the moment. 

Finally, it’s clear that if we are to judge models of the nucleic acids 
as they may exist in the cell—that is, without having the x-ray data 
to guide us—we shall have to collect a lot more physico-chemical data 
on which to base our judgments. One of the results of this meeting, as 
far as I’m concerned, is to convince me that we shall have to obtain 
much more of this background information; for example, measurements 
on base pairing, tautomeric forms, van der Waal’s contacts, pre- 
ferred orientations, and so forth. 
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Dr. LepERBERG: I would think it more plausible not to require pairing 
between similar structures—in fact, at points of pairing the two struc- 
tures would have to be precisely alike, but at points of difference 
they simply don’t pair. 

Dr. Crick: That is certainly a possibility. I think it’s a matter of 
the intimacy with which such regions are interspersed in such a struec- 
ture. We don’t know whether you can pair for two bases and then 
have a bit which doesn’t pair, or whether you have to pair for 10 bases 
and after that have a bit that doesn’t pair. 


Dr. LevintTHAu: I think it would be impossible to judge this by any 
x-ray method. You know that if you do a genetic experiment you may 
put in 4 markers, or if you are Lederberg, several more than that, but 
mis-matching at this level could certainly not be detected crystallo- 
graphically. 

Dr. Crick: This is true if we are handling the actual genetic 
material, but we might be able to study an analogous situation using 
special synthetic polymers; for example, one in which we have a 
repeating sequence consisting of three paired bases followed by three 
non-paired bases. This may seem a little ambitious, but perhaps in 
another five years we might get such a polymer. 


Dr. Leperserc: I wonder if the nucleoprotein molecule couldn’t be 
considered as a model system for considering the problem of winding 
and unwinding. Evidently one can make nucleoprotein from nucleic 
acid and protamine, and once you have studied the conditions of 
dissociation you might be able to get some idea of the energetics of 
uncoiling from that type of system. 


Dr. Ricu: An interesting and perhaps useful model system for study- 
ing the energetics of forming a two-stranded helix is the polyadenylic 
acid plus polyuridylic acid system which I described previously. These 
two linear molecules meet in solution and then form systematic hydro- 
gen bonds between the bases, similar to those in DNA. I should note, 
however, that if these two chains are parallel, then there is an addi- 
tional hydrogen bond between the two backbones, from the hydroxy] 
group on carbon 2, to the phosphate oxygen of the opposite chain. At 
the present time, I cannot give you any data on the energies of this 
combination, except to say that it does not dissociate even under 
extreme dilution. By working with a series of polymers of gradually 
increasing length, it should be possible to learn a great deal about the 
cumulative effect of both systematic hydrogen bonding and the stack- 
ing of flat bases in a two-stranded helical nucleic acid molecule, 


Dr. Barpara Low: I should like to make a further comment on Dr. 
Levinthal’s structure, if I understood him correctly. It seems to me 
that, if you carry this argument to the limit, you are saying that it is 
the regions which are not paired and not integrated in a regular con- 
figuration which are carrying the information. Isn’t that so? 
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Dr. LevinrHat: No. I am not suggesting that there are any large 
regions in which the bases are not paired. All I am suggesting is that 
the bonds have a finite energy. Therefore, there will be a finite number 
of them which are open at any one time. It seems that since we are 
in the very unfortunate position of knowing little about this binding 
energy, we cannot make any sensible comment on the fraction of them 
which is likely to be open at any one time. Therefore I am suggesting 
that in trying to consider mating interaction between molecules, one 
must worry about this physico-chemical problem. As far as mutations 
are concerned, I am suggesting only that if you make a mating— 
that is, a cross—involving several diffierent markers, between hetero- 
parents each of which differs with respect to 4 markers, the pairing 
will be exact with respect to 160,000 bases less 4 times the length of a 
muton, which Benzer tells us is only a handful of nucleotides. 


Dr. Barpara Low: It seems unlikely on thermodynamic grounds 
that you would get quite random openings. It appears to me that here 
you may be beginning to get a structure with some kind of relationship 
to a protein, where we feel that the backbone structure is probably the 
helical chain, whereas at the reactive sites the molecular configuration 
may be irregular. 

Dr. Leperserc: I think that Dr. Levinthal was emphasizing that 
the hydrogen bond strengths of the individual base pairs are not well 
known and that at any particular point on the double helix you might 
have an opening out, which doesn’t require a great deal of energy. It 
might be as much a function of time as of place. 


Dr. Crick: Don’t the experiments where you break one chain to see 
if it comes apart really involve 2 breaks? 


Dr. LEVINTHAL: I haven’t been able to see from any thermodynamic 
arguments why these things should run up and down. There are 2 
problems to worry about. One is the energy difference which will deter- 
mine Boltzmann’s distribution factor; the other is the activation energy. 
Now, we know very little about the Boltzmann’s energy, and we know 
virtually nothing about the activation energy. This will determine 
the speed of running. 

Dr. Crick: Don’t the experiments in which you break one chain to 
see how the molecule comes apart suggest that any unpaired regions 
are not running up and down? 

Dr. LevinTHAL: Yes, but this evidence is not nearly enough. There 
are two problems to worry about. One is the energy difference which 
will determine Boltzmann’s distribution factor; the other is the activa- 
tion energy. Now we know very little about the Boltzmann’s energy, and 
we know virtually nothing about the activation energy. This will 
determine the speed with which equilibrium is established. 


Dr. DeMars: I just want to propose a simple extension of the trans- 
fer experiments of Stent, and also of Brown’s fractionation, which 
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might give us some interesting results as to the function of hydroxy- 
methyl cytosine in DNA, perhaps suggesting in a crude way what the 
hydroxymethyl cytosine is doing in the DNA. This is very peculiar 
DNA, because glucose is on the hydroxymethy! cytosine, and most of 
the hydroxymethyl cytosine is associated with diester bonds, which 
are not split by the diesterase which splits all the other DNA’s which 
have been tested. That is, 30% of the diester bonds of this DNA cannot 
be split with venom diesterase or by the combined actions of coli and 
pancreatic DNAase and venom diesterase. One of the implications of 
the transfer experiments is that P32 of the infected particles is dis- 
tributed more or less at random—that is, in the third generation 
transfers. If the transfers are indeed at random, then you should have 
a more or less random distribution of the resistant and labile diester 
linkages. This can be tested at each generation by obtaining the DNA 
by osmotic shock and seeing what fraction of the phosphorus from 
the initially labelled parental stock is localized in resistant linkages 
and labile ones. It would also be interesting to take Brown’s fractions 
and see where the resistant linkages are localized, if they are localized. 


Dr. FRAENKEL-Conrat: About the imperfections of the proposed 
RNA model as pointed out by Dr. Crick, I should like to draw attention 
to the fact that RNA seems to be somewhat more chemically imperfect 
than DNA. The bases are unreactive, the hyperchromie effect is small, 
and you never quite get the structure as suggested by the remarkable 
polymer of the mixture polyadenine and polyuracil. In other words, 
RNA is apparently not a very firmly and stably constructed double 
strand, if it is a double strand. 

Dr. Butter: I was just going to comment on Dr. Levinthal’s sug- 
gestion that some of the hydrogen bonds are broken. That can be deter- 
aa by titration, and in fact it’s found that very few of them are 
yroken. 


Dr. SINSHEIMER: I was just going to say that, in large RNA mole- 
cules, the hyperchromic effect is not small. It is about 30%, less than 
DNA, but comparable to the synthetic polymers. 


Dr. Carson: With regard to Dr. Levinthal’s suggestion that some 
of the hydrogen bonds might be broken, there doesn’t seem to be 
enough data to get any accurate estimate, but possibly Dr. Sehachman 
or Dr. Doty from their viscosity and sedimentation studies have formu- 
lated a picture as to how flexible these molecules are. This micht 
indicate how many hydrogen bonds were open. i. 


Dr. ScHacHMANn: I would just say that Thomas in Levinthal’s 
laboratory has just published results which are identical with ours and 
which are both rather surprising. If you treat the kineties of the 
enzyme digestion, the results show that if the enzymatic attacks in 
the two strands are staggered by only a few nucleotides apart, which 
means only a few pairs of hydrogen bonds, then the two pieces still 
remain held together. This would imply that just a few hydrogen 
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bonds can hold two long pieces together. That is the result of the 
kinetic treatment, and it is all based on a mathematical analysis and 
our guess as to how DNAase is attacking DNA. This indicates that the 
hydrogen bonding is very strong, but there is no good reason to believe 
that these hydrogen bonds are that strong. I would guess, for example, 
that they would not be as good as the hydrogen bonds presumably 
holding polypeptide chains in a folded configuration. 

Dr. Caruson: You are talking about breaking the backbone, aren’t 
you? 

Dr. SCHACHMAN: No, I am referring to the hydrogen bonds. We 
allow the enzyme to break bonds in the backbone and from the data 
calculate how many pairs of hydrogen bonds are needed to prevent 
the two strands from separating. I should point out here that Dekker 
and I much earlier had inferred that the strands come apart when the 
molecular weight of the enzymatically degraded material approaches 
50,000 to 100,000. This implies rather weak hydrogen bonding. It 
seems to me that this, too, is an unsettled problem. 

Dr. ALuFReEY: I would just like to ask Dr. Crick a question of fact. 
I know nothing about x-ray crystallography procedure. I would like 
to know, if a large part of the DNA was rather randomly uncoiled and 
if a small portion was coiled, whether it would still give a regular 
diffraction pattern. 

Dr. Crick: This was one of the points I was talking about yester- 
day. X-ray diffraction is a poor method for telling how much of a 
material is in a regular structure. I should be surprised if the regular 
part was less than 50% of the total, but this is only a guess. 

Dr. Watson: Infrared analysis of DNA solutions suggests that a 
large majority, if not all, of the DNA molecules have the double helical 
configuration. This technique measures the properties of all the mole- 
cules in solution, not just the oriented fraction which the x-rays detect. 
Blout et al. found that native DNA in solution gives two very char- 
acteristic peaks. When denaturation occurs, these peaks move to 
slightly different frequencies. It is very unlikely that these changes 
would be so clear if a sizable fraction of the DNA possessed a configura- 
tion other than the double helix. 

Dr. Crick: The answer is to try different techniques, as suggested by 
Watson. The x-ray technique is a bad one. 


Dr. Cartson: A possible technique is based on the study of the 
mechanical properties of the fibers. Can you tell us something about 
the mechanical properties of these fibers? Are they like a hair, or are 
thev softer and more flexible? Such information might be used to 
obtain an estimate of the amount of crystalline material present. 


Dr. Ricu: DNA fibers are very brittle except when the humidity is 
quite high. At over 90% relative humidity they begin to soften and 
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Dr. Leperserc: An optimistic report of this symposium might indi- 
cate a new era in genetic study, where factorial descriptions are (about 
to be) replaced by chemical ones. The details of the speculations 
which have been put forward here may all prove to be wrong, but we 
are at a stage in the development of chemical genetics where we need 
stepping stones as well as foundation blocks. F urthermore, most of 
the experimental reports have been designedly tentative, and their 
authors assure us they are aware of the gaps which have to be filled. It 
may therefore be inappropriate to question them too closely in critique. 

Some of the residual issues are so obvious that they perhaps ought 
to be stated. On the chemical side: 

1. What is the detailed structure of DNA? No one appears to have 
taken serious exception to the Watson-Crick model for the basic plan, 
but many microscopic deviations have been suggested, and may be 
needed to explain singularities of genetic behavior such as variable 
mutation rates. Is pairing always perfect? Are there interactions 
between adjacent nucleotides in the same chain? Are there segmental 
interruptions in the chains? Are there linkages other than phosphate- 
3-5-diester bonds? Having achieved the general plan, what are the 
prospects of a complete analysis of sequence of bases? We lack precise 
methods of end-group analysis of polynucleotides, and more work in 
sugar chemistry and enzymology may be needed to find them. And if 
we had the chemical methods, what would we analyze? Levinthal 
gave us the only plausible answer here, the large “piece” in the phage 
nucleus: any other material now evident, and perhaps this too, would 
certainly be hopelessly heterogeneous. Until we have real information 
along these lines, we cannot pretend to know the chemical basis of 
genetic differences, however plausible the guesses of the moment may 
appear. 

2. How is DNA synthesized? Kornberg and his associates have 
made such startling progress in the elaboration of an in vitro system 
that one is tempted to call a moratorium on other speculation. They 
have emphasized the urgency of knowing whether the polymer is a 
biologically specific product. The requirement for a DNA primer and 
for all four deoxynucleoside triphosphates hints that it is, but we must 
still learn whether the synthesis is a replication or a random lengthen- 
ing of the polynucleotide primer. 


3. Tests of biological specificity of nucleic acids. These are sadly 
rare. For RNA we have hardly more than the infectivity of tobacco 
mosaic virus, either as the native RNA, or reconstituted with a pro- 
tective protein. For DNA we have the pneumococcal and Hemophilus 
transforming systems. The problems involved in quantitative assay 
for biological activity with the pneumococcus have been amplified by 
Hotchkiss and Ephrussi-Taylor. Goodgal’s report suggests that the 
Hemophilus system may be in some respects easier, but this also needs 
to be studied more extensively. At the present time we have no method 


DISCUSSION 753 


of assaying the biological activity, hence specificity, of extracted DNA 
from phage or from other sources. A number of other claims of DNA- 
mediated transduction (transformation) may be found in the literature, 
but none of them has yet stood up well enough to serve the purpose. 
It would be highly desirable to work out a DNA-transductional system 
in an enteric bacterium (e.g., Salmonella or EZ. coli) because of the 
technical facility and background knowledge of genetic work with 
these organisms. The reports of Boivin, which are often quoted, unfor- 
tunately cannot be verified owing to the loss of his cultures at the time 
of his death. Perhaps the protoplast systems mentioned by Spiegelman 
may serve as analytical tools for the specificity both of DNA in 
heredity) and RNA (in functional development). 

Until such systems are further refined, we may have to call our 
symposia “Chemistry and Heredity” rather than “Chemistry of 
Heredity.” 

Dr. Chargaff indicated the very real language barrier, and the 
trouble it can raise at a symposium of genetics, chemists and crystal- 
lographers. He may have been interested to learn that this is a 
problem even among the geneticists, to the point where ‘gene’ is no 
longer a useful term in exact discourse. It should not be surprising 
that (some) geneticists are remarkably preoccupied with semantic 
problems. The series of constructs involved in genetic analysis are not 
necessarily more abstract than those used, e.g., in structural analysis 
of organic compounds, but they are usually expressed verbally rather 
than mathematically. Because the words are part (I hope not all) of 
the tools of the trade, the geneticist has to try to keep them sharp. One 
of the outstanding grinding wheels here was Benzer, who with “muton,” 
“recon” and “cistron” has fabricated some euphonious and utilitarian 
contributions to our language. I don’t know whether he meant them 
any more seriously than the Anglo-Saxonized “mit,” “rit” and “pfit,” 
but whether he did or not, we are going to find it difficult to avoid 
talking about cistrons from now on. Unfortunately, as I eavesdropped 
to catch notes for this discussion, I heard variant uses, and we can 
only beg that our colleagues adhere scrupulously to the new dictionary: 
a distron is not defined in respect to any enzyme or other purported 
gene product, but is a group of mutants whose functional relationship 
is inferred from their common membership in a cis-trans position- 
effect group. 

One danger in postulational terminology is to confuse the word for 
a fact. An important contribution from Benzer was his demonstration 
that his mutants could be grouped into unique cistrons. No other case 
of position effect has been so intensively studied, and it would be 
premature to hold that this is a general description of patterns of 
position effect, and therefore that position effect must be interpreted 
in terms of common primary function. The well-known effect of trans- 
posed heterochromatin in Drosophila, and McClintock’s findings 
(reviewed by Rhoades at this symposium) in maize, speak for another 
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mechanism of position effect: disturbances at one point of a chromo- 
some may spread some distance down its length. Depending on the 
overlap of these spreading effects, of three mutants, a, 6, and c, a and 
b might be found to show position-effeet, as well as 6 and c, but a and 
e might not. The a-b and b-c cistrons are therefore not unique, but 
overlap on 6. This mechanism makes no demand of functional 
identity of the mutants. Only further study can tell how generally 
position effects may be understood from these two, or from other, 
viewpoints. 

The term gene represented the hope that the chromosome could be 
considered as an array of discrete units, whose irreducibility would be 
confirmed by mutational, recombinational, and functional tests. Finer 
analysis and current theories of DNA structure, if translatable to 
the chromosome, suggest a more monotonous continuum which is not 
segmented into natural unit “genes.” A mutation is therefore a local 
change on a chromosome, not necessarily in a “gene.’’ Rhoades showed 
that many mutations are disqualified as “point mutations.” Their 
existence is not a semantic fancy. A point mutation is most concretely 
defined as one which results from the substitution or deletion of a 
single nucleotide. It remains to be seen whether any mutations actually 
arise in this way. One helpful criterion might come from the predic- 
tion that at any (recombinational) point, no more than four (or 
including deletion, five) alternative configurations would be possible, 
one for each base. Benzer’s studies represent the most encouraging 
approach to this kind of demonstration. Until the finer structure is 
cleared up, there is bound to be nomenclatural confusion. I had hoped 
that such terms as locus and allele might be reserved to the traditional 
and (to my own mind) more objective concept of recombinational 
units, but there is no agreement on this point today. Perhaps we should 
adopt Levinthal’s suggestion that all discussion of terminology be pro- 
scribed, but that each author prescribe his own use of the terms. The 
topic is belabored only because of the discordance in current literature. 


Language problems are not confined to genetics. I was struck by 
several references to “mere exchange reactions”; I thought I under- 
stood what “exchange reaction” meant, but I didn’t understand the 
“mere.” Is it true that a macromolecule ean exchange an interstitial 
monomer and keep its biological specificity? If so, it might help to 
understand the incorporation step of transductional genetics, wherein 
a fragment presumably must exchange with an organized chromosome. 


Dr. SpreceLMAn: I should like to say a few words about the 
exchange problem. It seems to me unwise to accept without caution 
conclusions about the protein synthesizing mechanism which are 
derived solely from incorporation data. I think it unlikely that a 
labeled amino acid can be inserted in the middle of a fully-formed 
protein molecule in solution. The act of incorporation is therefore 
probably not trivial and related to the protein-synthesizing mechanism 
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There remains, however, an element of uncertainty which makes it 
difficult to interpret incorporation data unambiguously. I have already 
noted in my discussion the experiments of Gale and Folkes and their 
relation to the interpretation of unequal labeling of a protein molecule. 

There are three types of auxiliary experiments, the performance of 
which could help in assaying the significance of incorporation 
experiments: 

(1) The effect of homologous and heterologous amino acid ana- 

logues on the extent and rate of incorporation. 

(2) A comparison of incorporation in the presence and absence of 

supplementation by a complete mixture of amino acids. 

(3) Evidence that the labeled amino acid is being inserted all along 

the protein molecule in a-peptide linkages. 

Dr. Hoacianp: Let me add to Dr. Spiegelman’s discussion the fol- 
lowing comments in clarification of the meaning of so-called amino 
acid “exchange” reactions and their significance in protein synthesis, 
since much work has been done in our and other laboratories on the 
assumption that the incorporation of C1 labelled amino acids into 
protein is indicative of protein biosynthesis. It would appear to be 
highly unlikely that an amino acid could exchange with an already 
formed and completed protein, and Gale has suggested that the 
anomalous exchange he observes may be due to interaction of the 
amino acid with some pre-protein on a template. Furthermore, the 
possibility of glutathione synthesis as an explanation for glutamic 
acid ‘‘exchange” in Gale’s system must be considered. 

We have used the word “incorporation” to describe the irreversible 
incorporation of C' amino acids into protein which we and others are 
studying in mammalian tissues. In these reactions, both in vivo and 
in vitro, the addition of C!* amino acids after an initial incorporation 
of C14 amino acids results in no loss of previously incorporated amino 
acid. Furthermore, this process is dependent, in vitro, upon ATP for 
energy, a soluble protein fraction containing amino acid activating 
enzymes, small amounts of GDP or GTP, and intact ribonucleoprotein 
particles. When the protein so labelled is isolated and subjected to all 
procedures known to remove any non-peptide bound amino acids, the 
radioactivity remains. The radioactive amino acids are released from 
the protein on hydrolysis at the same rate as the corresponding C1” 
amino acid. Small peptides which contain the labelled amino acid have 
been isolated from the hydrolysate and identified. The labelled amino 
acid is found throughout the protein and not just in terminal posi- 
tions. We believe for these reasons that incorporation is very likely a 
measure of protein biosynthesis. 
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A SUMMARY OF THE SYMPOSIUM ON 
THE CHEMICAL BASIS OF HEREDITY 


BENTLEY GLASS 


Department of Biology, 
The Johns Hopkins University 


CELLULAR Units or HEREDITY 


The Role of the Nucleus in Heredity. 


In the introductory paper of the Symposium on the Chemical Basis 
of Heredity, Beadle has summarized current points of view in genetics 
together with a vast amount of recent information that has led to 
modifications, often very radical ones, of the views of yesteryear. His 
survey even included much information from papers presented scarcely 
a week previously, at the 1956 Cold Spring Harbor Symposium on 
“Genetic Mechanisms,” and still unpublished. 

In spite of the reluctance of a number of geneticists to abandon the 
once universal view that the primary coding of genetic information in 
chromosomes resided in the protein portion of the nucleoproteins, the 
evidence from the transformations of genetic type in pneumococci and 
from phage infection and transmission of genetic traits has compelled 
most persons now to accept the view that the primary genetic material 
is deoxyribonucleic acid (DNA), except in some plant viruses, such as 
tobacco mosaic virus, where ribonucleic acid (RNA) must take its 
place. If this be accepted, the genetic information would almost cer- 
tainly have to be coded in the form of specific sequences of purine and 
pyrimidine bases. Assuming the validity of the Watson-Crick model 
of DNA structure as a double helix of two complementary polynucleo- 
tide chains opposite in polarity and held together by hydrogen bonds 
between the opposed bases (adenine-thymine; guanine-cytosine), it 
would seem that the “gene” is to be conceived as “a localized unit of 
nucleic acid with a specific function . . . presumed to consist in the 
determination of the specificity of a nongenic molecule such as a 
protein.” Gene replication is then to be analyzed in terms of a replica- 
tion of the DNA double helix, gene mutation in terms of an alteration 
of nucleic acid structure at sites within a gene, and gene function in 
terms of the translation of DNA specificity into protein specificity, 
probably via an RNA template mechanism. 
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The problem as to the mechanism of replication may be seen at its 
simplest in the bacterial viruses, the genetic material of which appears 
to be comprised of a single continuous Watson-Crick double helix of 
DNA made up of some 200,000 pairs of nucleotides. The simplest 
proposed mechanism for replication envisions a separation of the 
complementary polynucleotide chains, each of which may then serve 
as a template for the synthesis of a new complementary chain as 
partner. The replication of the RNA of tobacco mosaic virus and 
related viruses poses special problems. It is not known whether the 
repheation occurs directly, or indirectly through the intermediation of 
the DNA, and possibly the protein, of the host cell. 

Gene mutation might occur through substitution of bases at one or 
more levels, through rearrangement of base-pair sequences, through 
duplication of one or more base-pairs, or through deletion of base- 
pairs. The three last-named intragenic types of change would corre- 
spond in nature to the chromosomal aberrations of higher organisms 
which transcend the limits of a single gene. 

Genetic recombination in the higher organisms occurs by means of 
crossing over, a process in which two homologous chromosomes, each 
in a subdivided or 4-strand stage, pair intimately and exactly locus 
by locus, and then two random non-sister strands exchange exactly 
equivalent segments of chromosome. There is no evidence at present 
to rule out the supposition that this process is always intergenic. In 
fact, the evidence that chelating agents cause the dissociation of 
chromosomes into units about 4000 A long and that they also increase 
the frequency of crossing over supports the view that the chromosomes 
may consist of segments of DNA and protein held together by Ca++ 
ions, and that crossing over normally occurs in the chelated regions. 

In the genetic recombination of the genes in the DNA of phages, 
reciprocal recombinant strands are not formed simultaneously. The 
fact that only one recombinant is formed suggests that the mechanism 
is quite different from that occurring in conventional crossing over in 
plants and animals, where reciprocal recombinants are regularly formed 
by the same event. Phage recombination is often intragenic, but may 
be intergenic as well, although there is no saying whether or not the 
successive genes are contiguous or have “spacer” segments of DNA 
between them. In Neurospora, Aspergillus, and yeast, in all of which 
conventional crossing over between genes occurs, intragenic recombina- 
tion may be brought about by a shift in copying small segments of 
genetic material from one chromosome model to its homologue. [This 
event, termed “conversion” by Lindegren and “transmutation” by 
Beadle, might better be called by some entirely new name, such as 
“transreplication,” rather than by terms which have already acquired 
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some other significance in the genetic literature.] The feature of this 
process that distinguishes it from crossing over is that the single event 
does not give rise to reciprocal products and does not necessarily lead 
to a recombination of genetic markers on either side of the “trans- 
replicated” segment. Nevertheless, in spite of the distinctness of this 
process from crossing over, the two processes are positively correlated 
in occurence, probably because they each depend upon a close contact 
of the homologous chromosomes. The discovery in microorganisms of 
this process, so similar to genetic recombination in phages and to 
transformation and transduction processes in bacteria, serves to relate 
the genetic recombination of the latter to that of higher organisms, 
otherwise so different. 

The fine structure of the gene is now being worked out by the study 
of genetic recombination of these various types, not only in the bac- 
teriophages, but also in bacteria such as Salmonella and in yeast. Thus 
two types of alleles may be distinguished, (1) homoalleles which are 
presumably identical in site as well as function, since no reversions or 
recombinations occur in an organism carrying a combination of two 
homoalleles; and (2) heteroalleles, between which recombination does 
occur, and which are therefore presumably not at the same location 
within the over-all boundaries of the functional unit. Studies of the 
functional relations of homoalleles and heteroalleles may be expected 
to yield insight into the nature of gene functioning in general. Beadle 
calls attention to the illuminating studies of Bonner, Yanofsky, and 
Suskind on the Newrospora mutants at a locus (td) that affects the 
enzyme, tryptophan synthetase, which is responsible for coupling indole 
and serine to produce the amino acid tryptophan. Of 25 independently 
arising mutants of this type, all proved to be at the same locus. Some 
were homoallelic, others heteroallelic, to judge from reversions occur- 
ring with some rarety in the latter combinations. Suppressor genes at 
other loci act specifically on particular heteroalleles, although there 
may be several different non-allelic suppressors of the same td allele. 
The td mutants lack the active enzyme, but some possess a serologically 
closely related protein. Hence it is suggested that the mutations may 
result in enzyme inactivation by so modifying the protein structure 
that some normally present metabolite may react with it and serve as 
an inhibitor of the synthesis of tryptophan. Different suppressors could 
interfere with the formation of different inhibiting metabolites, or with 
the formation of a single inhibitor in various ways. 

The template hypothesis of gene action, according to Beadle, still 
accounts quite adequately for the significant observation that numerous 
mutants which affect the same protein, e.g., hemoglobin, are found to 
be alleles, i.e. to have occurred at a single locus. Possibly RNA may 
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serve as an intermediate template between DNA and the genetically 
modified macromolecule. No structure of RNA which would imply 
that it replicates like DNA has yet been postulated; but the consti- 
tution of the core of the tobacco mosaic virus out of RNA implies 
either that RNA can replicate itself, or else that its information is 
somehow transferred to the DNA of the bacterial host, and that this 
DNA is then replicated and the information transferred back to RNA. 

The localized regions of specific function recently found in bacterio- 
phages and bacteria “quite clearly correspond to the units that geneti- 
cists have long called genes,” says Beadle. He proceeds to draw an 
analogy between the use of the term “‘gene” in genetics and the term 
“enzyme” in biochemistry. In spite of the discovery that some enzymes 
are made up of dissociable subunits and that some are functional only 
when associated in a particular organized way with certain other 
enzymes, the concept of the “enzyme” remains of everyday use. The 
“gene” concept will stay so too, in spite of subdivisibility and position 
effects. As in the case of the enzyme, a complete definition of the gene 
will have to await the full analysis of its chemical structure and its 
macromolecular products. Meanwhile, it is useful to be able to say 
that many genes act so as to confer specificity on particular enzymes, 
and that sometimes the total specificity of an enzyme is attributable 
to a single gene. 


Chromosome Structure. 


Ris has distinguished four successive phases in the study of chromo- 
some structure and its relation to genetic function. In the pioneer period, 
up to 1920, the basic problems were outlined: the number of strands 
in a chromosome and the nature of the elementary strand, or chromo- 
nema; the nature of its longitudinal differentiation, that is, the rela- 
tion of chromosome structure and chemistry to the “reproductive” and 
“metabolic” activities of genes; the significance of the coiling cycle in 
mitosis; and the processes underlying chromosome duplication. The 
next period involved a more detailed analysis of the structure, coiling 
cycle, and reproduction of chromosomes, with an identification of 
heterochromatin and euchromatin, of chromomeres, spindle attachment 
organs, nucleolar organizers, ete. The major achievement of this period 
was the analysis of the coiling cycle of the chromosomes during mitosis 
and meiosis. The chromosome helix was observed to originate in pro- 
phase and to relax during telophase. The third period, commencing 
about 20 years ago, witnessed a revival of interest in chromosome 
chemistry. The principal discoveries then made were that the absolute 
amount of DNA per chromosome is remarkably constant from cell to 
cell within individuals of the same species and that DNA is metaboli- 
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cally rather inert except for its doubling in amount with -each cell 
generation, an increase in which it is closely paralleled by the histones; 
whereas RNA and the non-histone protein part of the chromosomes 
are metabolically very active and vary considerably in amount from 
cell to cell depending on the level of metabolic rate in the tissue. The 
fourth and current period of cytogenetic study must relate the findings 
of chromosome chemistry to the outcome of the cytological studies. 
It is commencing with an investigation of chromosome organization 
on the macromolecular level, by means of polarizing microscopy, x-ray 
analysis, and electron microscopy. Still, much work must yet be done 
to fill the gap between the macromolecular level and that of chromo- 
some strands visible in the ordinary light microscope. 

In general discussion, Lewis clarified the significance of F. O. 
Schmitt’s analogy between chromosomes and such other macromo- 
lecular structures as myosin, fibrinogen, and keratin. What has im- 
pressed Schmitt most about these systems is that it is not from the 
precise chemical composition of the units, but rather from the par- 
ticular organization and integration of the macromolecules into the 
system as a whole that its properties derive. Secondly, this integration 
of the component macromolecular units is extremely sensitive to cer- 
tain environmental conditions. It is definable in physical-chemical 
terms, such as thermal agitation, van der Waals forces, hydrogen bonds, 
and electrostatic links affected by ionic strength, pH, ete. Chromo- 
somes are obviously much more complex systems than those of collagen, 
but the same principles of physical-chemical organization may like- 
wise apply to them. 

From many electron-microscope studies of the lampbrush chromo- 
somes of amphibian oocytes, the giant salivary gland chromosomes of 
Drosophila and other Diptera, and the beautiful coiled chromosomes of 
lihes, Tradescantia, and other plants, Ris draws the conclusion that the 
basic morphological unit of all chromosomes is a fibril some 200 A 
thick, commonly found in pairs of sister-fibrils with an interspace 
between them, so that the unit of next larger size is a double fibril of 
approximately 500 A diameter. By comparison and analogy with the 
tobacco mosaic virus particle, which like the ultimate chromosome 
fibril in cross section in electron micrographs resembles a tiny dough- 
nut, Ris formulates a model of the ultimate chromosome fibril as having 
a core of nucleic acid enveloped by a protein sheath. 

Chromosomes, then, are multistranded bundles of these ultimate 
fibrils, but exactly how many cannot be said at present, except that it 
should be some power of 2. The number probably varies in different 
organisms and in different cells of the same organism; if so, that would 
account for the variation in the DNA content of chromosomes. There 
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are, for example, probably 1000 times as many fibrils in the salivary 
eland chromosomes of a fruitfly as there are in its ordinary somatic 
chromosomes. 

The question of greatest genetical interest, of course, relates to the 
longitudinal differentiation of the chromosomes. What is the signifi- 
cance of the chromomeres, those beadlike swellings of characteristic 
size and position which Belling once took to be the sites of the genes, 
but which are too few in number for any such correspondence? Ris 
strongly argues for a continuous structure of the chromosome strands, 
and against the view that chromomeres are interruptions of the linear 
continuity of the fibers. Like a number of other cytologists, Ris holds 
that the ultimate visible chromomeres of the most fully extended 
(leptotene) chromosomes are no more than tight gyres of the new coil 
which makes its appearance in prophase. In electron micrographs 
chromomeres can be seen to contain the same fibrils as the interchromo- 
meric segments. What, then, are the sharply staining bands and the 
unstainable interbands of the dipteran salivary gland chromosomes? 
Ris and Crouse once put forward the view that the bands are homologous 
with chromomeres of the usual sort, and the result of a specific coiling 
pattern of a bundle of chromonemata. The electron micrographs sup- 
port this view; for although the salivary gland chromosome may be 
separated into thinner strands which still retain the banded pattern, 
electron micrographs show that the bands do consist of microfibrils like 
those of the interband segments but greatly twisted and closely packed 
together. 

The term heterochromatin generally refers to chromosome material 
that remains densely stainable when the rest of the genetic material 
(ewchromatin) loses its stainability. Heterochromatin may remain per- 
sistently stainable, or may vary in stainability but be out of phase 
with the euchromatin. As to organization, it differs from euchromatin 
notably in the degree of spiralization of the chromonema (relative 
width of gyres, degree of packing, presence of a double helix). But in 
good preparations it can readily be seen that the chromonema is con- 
tinuous from euchromatin to heterochromatin, and that a basic fibril 
of the same 200 A diameter is found in both. No clear chemical differ- 
ence between the two forms has been established. The so-called matrix, 
formerly thought to be a sheath surrounding the euchromatie chromo- 
nema during mitosis, is now demonstrated by cytochemical tests to be 
nothing except a shrinkage space left around the chromosome after 
certaim types of chemical fixation—in other words, to be pure artifact. 
It is never observable in electron micrographs of sections through 
chromosomes. There is also no evidence that the chromosome has ¢ 


. 


definite membrane of its own. The functional, organizational. and 
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chemical distinctions between euchromatin and heterochromatin re- 
main among the greatest riddles for present-day cytologists, geneticists, 
and cytochemists to solve. 

Ris dicusses without commitment the evidence for the organization 
of the chromosome fibril by end-to-end aggregation of rod-like parti- 
cles. Under conditions that remove calcium and magnesium from the 
chromosomes, native nucleoprotein from sea urchin sperm forms rods 
about 4000 A long and 200 A wide (Berstein and Mazia). Agents that 
break hydrogen bonds dissolve salivary gland chromosomes (Ambrose). 
Spontaneous chromosome breakage in plants is greatly increased when 
they are grown in media deficient in calcium or magnesium (Steffen- 
sen). Drosophila larvae fed excess calcium yield a diminished amount 
of crossing over; if they are fed a chelating agent, ethylenediamine 
tetraacetic acid (EDTA), the crossing over is increased above normal 
(Levine). A similar result with EDTA was demonstrated in the uni- 
cellular plant Chlamydomonas: a lowering of the Ca++ and Mg++ 
concentrations in the cells increased crossing over considerably, and 
this effect could be reversed by treatment with Ca++ and Mg++ 
(Eversole and Tatum). These are very stimulating discoveries, but it 
remains hard to relate such generalized effects to the very exact pat- 
tern of breakage at precisely the same level which takes place in two 
chromosomes undergoing genetic recombination. 

The study of the structural and chemical variations in the chromo- 
somes which take place in relation to their functioning promises insight 
into the nature of gene action. Electron microscope studies suggest the 
existence of considerable activity on the nuclear-cytoplasmic boundary, 
and some transfer of material through gaps in the nuclear membrane. 
Two types of specially favorable chromosomes for these studies are the 
lampbrush chromosomes of amphibian oocytes and the polytene 
(multistranded) giant chromosomes of the dipteran salivary glands. 
Ris presented evidence from the studies of a number of cytologists to 
demonstrate that the loops of the lampbrush chromosomes are con- 
tinuous parts of the chromonemata and that the chromomeres between 
them are places where the fibrils are tightly coiled and heterochromatic. 
The evidence is convincing that the loops bridge discrete gaps between 
one chromomere and the next. In the chromomeres submicroscopic 
fibrils (500 A diam. and each composed of two subunits of 200 A diam.) 
are coiled in a helix. Chemically, the loops themselves seem to contain 
mainly RNA and protein; only the chromomeres stain Feulgen-posi- 
tive, i.e., are composed of DNA. Treatment with EDTA disperses the 
loops quickly but does not affect the chromomeres. 

In the salivary gland chromosomes, at certain definite stages in 
development, particular bands enlarge greatly into structures which 
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have been called “puffs” or “Balbiani rings.” The puffs seem to be 
produced by a great lengthening of the strands of the chromosome, 
which separate from one another and form loops projecting laterally 
from the chromosome like the loops of lampbrush chromosomes. The 
puffing is associated with an accumulation of basophilic but Feulgen- 
negative material (Pavan and Breuer). As in the Jampbrush chromo- 
somes, the chromonemata must have increased greatly in length to 
make these loops or puffs—as Beerman and Bahr estimate, up to 5 
times the normal length of the salivary chromosome band and up to 
50 times the length of the unit in a common (pachytene) chromosome. 
Each of these very elongated segments still corresponds to a single gene 
locus, and appears to involve only an increase in RNA and non-histone 
protein, not an increase of DNA. Do the fibrils of the loops have a core 
of RNA and a sheath of protein? Are they particulate like the tobacco 
mosaic virus particles? It is suggestive that the relative proportion of 
RNA to protein in tobacco mosaic virus, namely, 6 per cent, is like 
that of the chromosomes, 7-14 per cent. Maybe the growth in length 
occurs by an intercalation of ribonucleoprotein particles in the fibrils— 
in lampbrush chromosomes at many loci, in salivary gland chromo- 
somes at a restricted number. When the loops later diminish in size, 
material must be released from them, and perhaps in this way RNA 
units synthesized in the chromosome are released to enter the cyto- 
plasm. Information might thus be transferred from specific genes to 
regions of protein synthesis in the cytoplasm, the ergastoplasmic 
particles. 

The coiling of the chromosomes is not simple but involves a hierarchy 
of helical systems, of minor coils superimposed upon major coils. Even 
so, it is a long step from the microscopically visible coils of smallest 
size to the coiling of the elementary fibrils and of the nucleic acid and 
protein macromolecules. Some electron micrographs have shown a rod- 
like core around which prophase chromosomes are coiled; but it is not 
known how common this may be or whether it is essential to the 
coiling. A major problem for the future will certainly be that of the 
relationship of the different orders of coiling to one another. There is 
evidence that the microfibrils are twisted around one another. If so, 
their ultimate separation must involve a change into a coiling system 
that will permit separation. By coiling a twisted pair of strands into a 
helix with one gyre for each relational twist, the helices can be sepa- 
rated. Perhaps this is the significance of the tightening helical coiling 
seen In every prophase. 

Chromosome reproduction may be considered, as Ris points out, on 
three levels: “the synthesis of nucleic acids and proteins; the replica- 
tion of the elementary chromosome fibril; and the splitting of the 
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bundle of fibrils into units of higher order such as chromatids, half- 
chromatids, and quarter-chromatids.” It is particularly important to 
realize the distinction between the last two levels, for it implies that 
daughter chromosomes at anaphase of a mitotic division are not one 
new, one old, but rather both new and both old, because each contains 
both old and new fibrils. Depending on the number of hierarchical sub- 
units between the chromosome and the unit of replication, the fibril, it 
will take several to many cell generations before newly formed micro- 
fibrils separate as fully grown daughter chromosomes. 


The Fine Structure of the Gene. 


Benzer’s work on the linear sequence of genetic units in the E. coli 
bacteriophages, and his studies of the finer structure which can be 
elaborated within each unit of genetic function by studies of recombina- 
tion, have shown with graphic clarity what other workers with other 
organisms have likewise pointed out: the “gene” is not an operationally 
properly defined concept, inasmuch as at least three distinct opera- 
tions—mutation, recombination, and function—can be used to define 
the gene; and the units so defined are not the same in the three cases. 
Benzer suggests a new terminology so apt as to be certain of widespread 
adoption. The smallest element in the unidimensional array of genetic 
units that is interchangeable, but not divisible, by genetic recombina- 
tion is to be called the recon. The smallest element that, when altered, 
can give rise to a mutant form of organism is to be called the muton. 
The functional unit is to be defined by the cis-trans test. If the 
two mutants in the trans configuration (heterozygous; heterocaryotic; 
or host doubly infected with virus) yield a defective or mutant pheno- 
type, it may be concluded that they are defective in the same function; 
whereas the cis arrangement of the same mutants is usually fully nor- 
mal. The mutants are thus identified as belonging to the same func- 
tional genetic unit, or cistron. [This test will apply readily only to 
recessive genes, for dominant genes will give a mutant phenotype even 
when they are at entirely different genetic loci. ] 

The studies Benzer reported to the Symposium represented an en- 
deavor to place limits on the sizes of these three types of genetic units 
in the case of a specific genetic region of the bacterial virus T4, the 
segment containing the rJJ mutants. Two mutants are crossed by in- 
fecting a susceptible bacterium with both types and then examining 
the phage progeny for recombinant types. Phage T4 has already been 
fairly well mapped and behaves as a haploid organism with a single 
linkage group. It should be noted, however, that the portion of the 
genetic map which can be studied varies according to the bacterial 
strain utilized as host. The r/J mutants form small wild-type plaques 
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on £. coli strain 8, and large r-type plaques on strain B; while on 
strain K some, but not all, rJ7 mutants grow slightly, that is, produce 
minute plaques. The map of the rJZ region which would be derived 
from the use of strain B as host would differ significantly, according to 
Benzer, from the map derived from using strain K. 

To determine the length of the recon, mutants in a limited region 
must be mapped to so high a linear density that their distances apart 
diminish to the magnitude of their own individual sizes. Only an upper 
limit of size can be set, equal to or smaller than the smallest observed 
recombination interval greater than zero. The muton can be calculated 
from the discrepancy in a 3-point test between the recombination 
interval A-C and the sum of the intervals A-B and B-C. The dif- 
ference will presumably be the size of the muton B. Only an upper 
limit can be set to the size of the muton by the smallest observed dis- 
crepancy found by this method; and the size of the muton would appear 
to be zero if it were equal to or smaller than the recon. A second 
method for estimating muton size would be to determine the maximum 
number of mutations separable by recombination which could be placed 
within a definite length of the genetic map. Finally, the length of 
the cistron must be at least as large as the distance between the most 
distant mutons within it. Only a lower limit of size can be set for it. 
unless studies are made of recombination between mutons of adjacent 
cistrons, right and left. 

Benzer has also made use of the method of using “deletions,” stable 
mutations which do not recombine with any of a number of mutants 
which do recombine. These mutations, like demonstrable deletions in 
higher organisms, never revert to normal. [In the phage chromosome 
they might, of course, be inversions.] The mutations of any single 
cistron can first be classified into subgroups according to their inclu- 
sion within the segment covered by one of these “deletions.” Without 
elaborating on the procedures used, it may be said that subclassifica- 
tion after the initial identification of a mutant as belonging to one of 
the two r/T cistrons involved spot testing on EF. coli strain K, as well 
as on a mixture of B and K cells, preliminary crosses, standard crosses. 
and determination of reversion rates and of the “leakiness” of the 
mutants. A series of 923 r mutants was thus classified hierarchically 
into six levels. Any mutants belonging to the same subelass which 
showed recombination of less than 0.001% of recombination were as- 
signed to the same “species.” For example, within one subclass of the 
rII-A cistron there turned out to be 11 “species,” very unequally repre- 
sented, since 123 of the 149 mutants in the subclass belonged to a 
single “species.” The upper limit found for the recon, by the crosses 
between these 11 “species,” was approximately 0.02 per cent. Eight 
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cases of 3-point crosses could be utilized for the estimation of the size 
of the muton. The discrepancies found ranged from —0.03 to +0.14, 
with an average of +-0.01; but because of the magnitude of the experi- 
mental error the upper limit could not be set at less than 0.05 per cent 
recombination. From the number of “species” within a given length 
of map an upper limit of 0.09 per cent was obtained (9 “species” in 
a map length of 0.8%); but again the factor of uncertainty is rela- 
tively large. 

The stable 7 mutants (“deletions”), of which 72 were found, have 
also been crossed by Benzer in all possible pairs. One mutant was found 
that failed to-complement mutants of either the A or B cistrons of the 
rlI segment; in other words, it belongs to both. Another represented 
a deletion of the entire B cistron, in spite of which the mutant form can 
still grow normally on E. coli strains B and 8S. Stable mutants tend to 
occur all over the map, but some localities seem to be favored. 


Benzer has daringly made the attempt to relate the above estimates 
of genetic size to the genetic material of the virus. Assuming that the 
total DNA content of a virus particle is 4 « 105 nucleotides, of which 
40 per cent is the genetic material (calculated from Levinthal’s experi- 
ment, q.v.), and assuming further that there is only one copy of the 
genetic material and that the Watson-Crick double-helix affords a 
satisfactory model, the total length of genetic material in phage T4 
should be 8 X 10* nucleotide pairs. The genetic map is roughly esti- 
mated to comprise at least 200 recombination units, and by simple 
summation of small segments would contain about 800 recombination 
units. If, finally, the recombination per unit length of chromosome is 
assumed to be uniform, one arrives at an estimate of 0.01 recombina- 
tion units per nucleotide pair. In other words, if two mutants, when 
crossed, do not give more than 0.01% of recombination, then the loca- 
tions of those mutations are probably not separated by more than one 
nucleotide pair. 


The upper limit of size of the recon, estimated to be 0.02% recom- 
bination, would on the above basis include no more than two nucleotide 
pairs. The muton would involve no more than 5 nucleotide pairs. The 
cistron is more complex. Among 241 r mutants there were 33 “species” 
in the A cistron. This number will probably be doubled when the 923 
mutants now available have all been analyzed; and ultimately perhaps 
100 sites may be found to lie within this one cistron. Although these 
estimates are acknowledged to be very rough, it 1s challenging to have 
them at all. If the testing of time shows that the techniques and 
methods used by Benzer are sound, the work he has done will unques- 
tionably assume classical importance in the development of genetics. 
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Genetic Recombination in Neurospora. 


Crossing over in classical form has been analyzed in Neurospora in 
great detail. The possibility of recovering all four haploid products of 
each cell that enters meiosis has greatly aided those studies. It has 
also made possible the identification of occasional instances of recom- 
bination where the conventional process has not been involved, since 
instead of getting the two reciprocal types of recombinants in each 
ascus only one of them is found to be present. As already stated in the 
discussion of Beadle’s introductory paper, such events have been found 
in a number of microorganisms. A particularly thorough and careful 
study has been made of this phenomenon in N eurospora, however, by 
Mary B. Mitchell; and the Symposium paper by H. K. Mitchell treated 
the further analysis of this newly discovered phenomenon quite fully 
because of the light it may possibly throw on the mechanisms of muta- 
tion and genetic replication. 

The genes involved were the pyrimidine-3 (pyr, pyra, pyrd) and 
pyridoxine (pdx, pdxp, pdxq) loci. At each of these loci several alleles 
were available for study, and nearby marker loci could be utilized in 
addition. In the first cross, co pyrd & ++ pyra, 31 recombinants either 
+ -+ or co + were recovered among 32,080 progeny in approximately 
equal proportions. Either one of these classes might be expected to 
arise by conventional crossing over if the two pyr mutants were not 
at identical sites but could undergo recombination. However; conyen- 
tional crossing over could account only for one class and not both. 
since to get the one recombinant pyra would have to lie to the left of 
pyrd, but to get the other it would have to lie to the right. In a second 
cross, recombination between pdx and pdxp was tested, one chromosome 
carrying a marker to the left and the other a marker to the right of the 
pdx locus. Again the unexpected type of recombination was found. The 
parent types when self-fertilized yielded no recombinations, but the 
heterozygote from the cross between them yielded 103 recombinants 
between pdx and pdzp in a total of 66,959 progeny. Tetrad analysis 
confirmed the finding; 585 asci yielded 4 asci which contained recom- 
binants. In two of these, for example, two pairs of ascospores were 
parental in type, one pair in each ascus had reverted from pyri- 
doxine-requiring to normal, and one pair was pyr pdx or pyr pdxp. 
Crosses showed that neither of these was a double mutant, 1.e., carried 
both pdx and pdxp. Whatever relative position of pdx and pdxp on 
the chromosome might be assumed, no single arrangement can con- 
sistently account on the basis of conventional crossing over for the 
types of recombinants found in these two asci. 
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Mitchell points out that the conditions which favor crossing over 
are likewise favorable for the occurrence of transreplication (“gene 
conversion”). Heat shock is one of these. Since short heat treatments 
at 60° C. had been found to increase the mutation rate, the effect of 
heat shocks was tested simultaneously on crossing over and transrepli- 
cation involving the pyr and pdzp loci. No significant change was found 
in ordinary crossing over between these loci after 30- or 60-second heat 
shock administered either to protoperithecia or to conidia, but the fre- 
quency of the extraordinary recombinants not attributable to crossing 
over fell to almost zero. Since the heat treatments were given before 
fertilization, whereas transreplication occurs during meiosis some hours 
or even days later, a delayed effect appears to be involved. 

After some speculation about the possible roles of enzymes in trans- 
ferring a functional group from one gene to another within the nucleus 
or from metabolic pool to gene, and further as to the reason why in the 
latter instance this can occur only in the heterozygous state and not 
when both genes are identical, Mitchell stresses that the significance 
of “gene conversion” will not become clear until ways other than tetrad 
analysis, which is limited to so few organisms, can be found to recog- 
nize its occurrence. It may, for instance, occur in maize (Laughnan’s 
A* cases) and in Drosophila (Demerec’s reversions of reddish)—al- 
though remaining unidentified. In studies of very closely linked genes, 
and especially of the pseudoallelic clusters of genes which seem to 
function in so highly organized a way in the determination of the 
phenotype, this new phenomenon must be taken into account. 

St. Lawrence and Bonner, in their paper, discuss other cases in 
Neurospora in which “gene conversion” may be suspected. Giles has 
found reversions to inositol-independence in crosses between different 
inositol-dependent mutants, which when selfed yield no reversions; 
and in some of these cases crossing over failed to supply an adequate 
explanation. Adenine-requiring mutants behaved similarly (de Serres) ; 
and in Aspergillus the same phenomenon was encountered (Pritchard). 
St. Lawrence has herself made a fuller study of a similar phenomenon 
encountered at the g (niacin-requiring) locus of Neurospora. There is 
evidence that these g mutants block the same metabolic reaction, and 
none of them, when self-fertilized, yields any recombinations. Yet in 
crosses between different pairs of these four mutants, rare non-mutant 
progeny appeared in frequencies and combinations of marker genes 
that depended on which two particular mutants had been crossed to- 
cether. In some crosses a single recombinant type appeared in high 
frequency along with either one (but not both) of the parental types. 
These results once again seemingly cannot be accounted for by conven- 
tional crossing over. The suggestion that in such instances a large 
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amount of multiple crossing over occurs within a very short chromo- 
some segment (“negative interference”) may meet certain formal re- 
quirements, but appears wanting as new instances of transreplication 
are discovered. . 

The brief report by Suskind describes the study of an extensive series 
of alleles at a single locus in Neurospora, the td locus already referred 
to. The interactions of these genes and their specific suppressors at 
other loci illuminate in almost unparalleled fashion the nature of gene 
function and enzyme formation. All 25 of the independently occurring 
td mutants affect the activity of tryptophan synthetase. The sup- 
pressors of these mutants show great specificity; thus, 5 occurrences of 
Sus all suppress only tds, and not td,, tds, tde, or tdoy; Sus suppresses 
td, and tds, but not the three other td mutants tested; Sug suppresses 
only td, and tdg among the five; Sw, resembles Suz in specificity. 
By using partially purified Neurospora tryptophan synthetase as an 
antigen injected into rabbits, an antiserum was produced that reacted 
quantitatively with the enzyme, and completely inactivated it. Upon 
testing the reaction of this antiserum with extracts of various td 
mutants, it was found that although none of the mutants possess active 
enzyme, several of them (e.g., td2) possessed a cross-reacting substance 
(CRM) very similar in properties to the enzyme, while others (e.g., 
td,) did not. Here, then, are alleles which fail to recombine with each 
other by crossing over and which in heterocaryons fail to complement 
one another, yet are subject to the action of different suppressor genes 
and are distinguished by the ability of the one and the inability of the 
other to form a protein serologically very similar to the active enzyme 
whose specificity depends on the td locus. (Enzyme neutralization 
curves obtained with anti-CRM serum are indistinguishable from those 
obtained with the homologous antiserum. Only by the stability of the 
inactive protein during dialysis and the inactivation of the enzyme 
serologically, as well as enzymatically upon dialysis, can the two 
proteins at present be distinguished.) 

The wild-type strain contains not only active tryptophan synthetase, 
but a small amount (about 10% as much) of the cross-reacting protein. 
A temperature-sensitive member of the allelic series, tdo,, which at 
25° C. forms no enzyme but does form CRM, forms both enzyme and 
the related protein at 30° C. Mutants in the presence of their specifie 
Suppressor genes form both active enzyme and cross-reacting protein; 
but td;, unsuppressible by any known suppressor gene, forms neither 
enzyme nor the related protein, even when one of the suppressor genes 
Is present. It is indeed tempting to speculate on the role of the eross- 
reacting protein. Is it a precursor of the enzyme? A byproduct of the 
blocked reaction? An enzyme active in some closely related metabolic 
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step? It is too early to say, but the experimental pathway here lies 
open. As to the functioning of specific suppressor genes, it is becoming 
clear that it can hardly relate to major aspects of enzyme specificity, 
but may be concerned with the removal of inhibitors from the enzyme 
(Beadle), or with repair of minor damage to the enzyme (Suskind), 
or with the inhibition of other reactions competing for the same sub- 
strate utilized by a basically “leaky” mutant (Glass). 


The Role of the Cytoplasm in Heredity. 


Avoiding the attempt to review the various types of cytoplasmic 
heredity in plants, animals, and microorganisms, Nanney has instead 
prepared a thought-provoking consideration of mechanisms of inter- 
action between genes and cytoplasm. He starts by contrasting two 
widespread conceptions of this interaction: the ‘Master Molecule” 
concept and the “Steady State” concept. The first partakes of the 
character of a totalitarian regime, with the gene as dictator of organic 
specificity—although hard facts force holders of this view to admit the 
existence of some “‘master molecules” in the cytoplasm as well. “The 
steady state government is a more democratic organization, composed 
of interacting cellular fractions operating in self-perpetuating pat- 
terns.” The dynamic self-perpetuating character of this kind of organ- 
ization owes its specific properties not to any one kind of molecule, 
but “to the functional interrelationships of these molecular species.” 
Of course, the distinction is not really so sharp; the two concepts are 
not mutually exclusive, and the real truth may embody both. 

According to Nanney, the best understood examples of cytoplasmic 
transmission in sexual organisms are those involving “master mole- 
cules,” that is, particulate bodies such as sigma (the COos-sensitivity 
factor in Drosophila), kappa (the killer factor in Paramecium), “plas- 
togenes” responsible for some plastid characteristics in plants, enzy- 
matic particles in yeast, etc. Clearly the existence of a class of such 
cytoplasmic particulates controlling certain hereditary traits, and very 
diverse in structure, function, and probable origin, is fully established. 
The question remains: how widely are they distributed and what is 
their general significance? The problem is that of the relative roles 
of the nucleus and the eytoplasm in heredity. 

Nanney would discount the argument which presumes a relative 
inefficiency of cytoplasmic in contrast to chromosomal mechanisms, 
and he points out that the relative scarcity of described cytoplasmic 
mechanisms of this sort may arise more from the biases of workers and 
the difficulties of detecting essential cytoplasmic elements than from 
their actual rarety. The chief reason for believing that the great 
majority of particulate determiners of heredity reside in the nucleus 
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rather than the cytoplasm has anomalously become the fact that all 
the DNA is in the nucleus—anomalously because that very fact was 
formerly the chief piece of evidence for assigning a hereditary role of 
major importance to DNA. Yet if the evidence that most hereditary 
determinants in sexual organisms are particulate in nature and also 
that most of them are carried in the nucleus is compelling, there is also 
evidence for a class of cytoplasmically controlled traits the inheritance 
of which does not at present appear to depend upon discrete units: 
the “barrage” phenomenon in Podospora, serotypes in Paramecium, 
streptomycin resistance in Chlamydomonas, “pokey” in Neurospora, 
and the plasmon characteristics of Epilobiwm and other green plants. 

Cellular differentiation during the growth and development of multi- 
cellular organisms has for a long time been supposed to be entirely 
cytoplasmic in character—to result from the segregation of cytoplasmic 
materials and the action on the differentiated substrates of nuclei which 
remained equivalent. The classical work of experimental embryologists 
sufficiently demonstrated the totipotency of the nuclei in the cells of 
embryos in early cleavage. More recently, however, the implantation 
of nuclei from considerably later stages of development into enucleated 
eggs (King and Briggs) has disclosed that some permanent nuclear 
differentiation must eventually occur. There is also evidence from 
bacteria that long-enduring modifications of serotype have a basis in 
changes brought about in the bacterial chromosome itself. We must 
now think in terms of nuclear-cytoplasmic interactions that bring about 
permanent differentiations in both components of the cell. Nanney has 
considered examples of these interrelationships and has attempted to 
explain them in terms of antagonistic biochemical pathways. 

The serotype system in Paramecium aurelia and the mating type 
systems in Group A and in Group B of the same species offer three 
examples which, in spite of their differences, are alike in the following 
respects: (1) the initial genotype of a clone determines its capacity to 
develop any one of a spectrum of alternative phenotypes, but does not 
dictate which one of these will become expressed; (2) the differentia- 
tion of one of the alternative phenotypes excludes the development of 
any other; and (3) when a particular phenotype does become estab- 
lished, it constitutes a hereditary characteristic of the clone. The essen- 
tial differences between the three systems lie in the location of the 
ati oa for perpetuating the characteristic. In the case of the 
es ypes, the mechanism is entirely cytoplasmic ; the mating types of 
Group B depend upon a dual system in cytoplasm and nucleus: the 
mating types of Group A depend entirely upon the nucleus. Tri the 
mh pled ct bs Spanner the choice of phenotypes among 

s § § S made available by the nuclear constitution. 
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In the Group A mating types genes presumably exert the choice as well 
as determine the potentialities. [This is like the situation in the dif- 
ferentiation of sex in the higher animals, where each individual is 
sexually bipotential but the XY or XX chromosome constitution deter- 
mines primarily which sex organs and characteristics will actually 
develop.] In the Group B mating types there is an interesting feed- 
back, for the cytoplasmic mechanism is under the control of the mature 
nucleus. The primary determination of the mating-type character of 
each “new” nucleus (following conjugation or autogamy) is exercised 
by the cytoplasm; but once determined by it, the nucleus is thereafter 
autonomous in perpetuating the mating-type character. A mature 
nucleus cannot be altered by the cytoplasm in respect to mating type. 

To interpret these relationships, Nanney visualizes certain self- 
perpetuating metabolic patterns—certain interrelated biochemical sys- 
tems leading to the phenotype and potentiated both by the genetic 
constitution and the environment. Establishment of a particular bio- 
chemical pathway is considered to inhibit all alternative pathways. 
In the Group A system the essential reaction sequences are then limited 
to the nucleus, in the Group B system they reside in the nucleus, but 
produce inhibitory agents spilling over into the cytoplasm, and in the 
serotype system they are uniformly distributed, or at least the in- 
hibitors are freely diffusible throughout the cell. The serotype system 
might alternatively be interpreted in terms of plasmagenes, but the 
foregoing interpretation seems more harmonious with the nature of 
the systems governing the two groups of mating-type systems. The 
plasmagene hypothesis is supererogatory. The mating-type systems, 
on the other hand, could doubtless be explained by some special shifting 
back and forth of master molecules; but this would leave them quite 
unrelated in nature to the determination of the serotypes. The attrac- 
tiveness of the proposed theory is that it embraces all of these 
phenomena in the same biochemical context. 

Nanney’s recent studies on mating-type determination in Tetra- 
hymena pyriformis extend the analysis of nuclear-cytoplasmic inter- 
actions to include a fourth type. Here, to begin with, each new somatic 
nucleus by virtue of its genotype possesses a spectrum of potentialities 
as to mating type; after a short time these are narrowed down to two; 
then, depending upon which particular two potentialities remain, one 
or the other is rapidly or slowly excluded; in some instances an inter- 
mediate condition can be fairly stably maintained over a long period. 

The hereditary variations which arise in the above ways contrast 
with mutations in the gradualness with which they arise, but they need 
not differ altogether in kind. The genes may, as master molecules, 
impose constitutional limitations on the capacities of the protoplasm 
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to differentiate. Biochemical antagonisms provide mechanisms for 
selecting between the alternative possibilities of differentiation. Such 
antagonisms, if located within the chromosomes, are represented by the 
alternative forms of genes, that is to say, by alleles produced from one 
another by mutation. Other antagonisms, less localized, may diffuse 
into the cytoplasm and bring about cytoplasmic differentiation. It is 
conceivable that some may even pass beyond the cell boundaries and 
become the agents which create those embryonic fields that cause asso- 
ciated cells to differentiate under a common influence into similar pat- 
terns. In such a conceptual framework as this, the genetic and bio- 
chemical matrix of the nucleus and cytoplasm becomes an all-pervading 
homeostatic mechanism relating life to its environment. Such a mecha- 
nism is hereditary and in its entirety is a part of the physical basis of 
inheritance. 


Mutation and the Nature of the Gene. 


In an illuminating discussion of the nature of mutation in maize 
(unfortunately not submitted for publication), Rhoades pointed out 
that the studies of Stadler, Laughnan, and McClintock of the A and R 
genes and the Ds-Ac complex, respectively, force one to the conclusion 
that at least in this genetically best-known plant there is no assurance 
that mutations are ever strictly intragenic in nature. Those muta- 
tions which have been critically analyzed turn out to be either deficien- 
cles or consequences of alterations of position, and this conclusion 
apphes equally to the x-ray-induced and the spontaneous mutations. 
Stadler’s A mutations, when gross chromosomal aberrations were ex- 
cluded, were all traceable to small deficiencies. Laughnan’s are resolved 
into recombinations between pseudoalleles. MeClintock’s remarkable 
analysis has disclosed a dissociation locus (Ds) that ean shift its posi- 
tion within a given chromosome or from chromosome to chromosome, 
when potentiated by another locus (Ac—“activator”). Ds causes 
chromosome breakage to occur in its Vicinity, with a consequent loss 
of genetic material; or it suppresses the normal genetic action of adja- 
cent loci; or it may act in a variety of other ways. A second system 
of this kind, originally studied by Rhoades, is that of the Dotted locus, 
which when properly activated causes a specific gene (a) controlling 
anthocyanin pigmentation to mutate with very high frequeney during 
a definite stage in the development of the seed. ; 

The discussion (also necessarily remaining unpublished) which fol- 
lowed Rhoades’ presentation of the view that mutation of a true intra- 
genic type cannot be demonstrated in maize was animated. The 
question of the generality of “controlling elements” like the Ds-Ac 
system as an explanation of mutation in other organisms came up. So 
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far there is no definite evidence for them outside of Zea, but this may be 
simply the consequence of lack of analysis. There are numerous in- 
stances of unstable genes and variegated patterns which sug gest their 
presence. Zamenhof argued strongly for the occurrence of intragenic 
changes in bacterial transformations. Ravin expressed serious doubt 
regarding this, on the basis of “allogenic transformations” in which a 
genetic agent different from that which has caused the transformation 
is recoverable in the progeny; and Austrian described a pneumococcal 
genetic unit possessed of high reverse mutability irrespective of the 
host cell into which it was introduced. On the other hand, Benzer 
expressed the opinion that it is possible to distinguish among his phage 
mutants between (a) those that are definitely deficiencies, by the 
criterion of their “stability,” that is, their inability to revert, and 
(b) the 10 times more numerous mutants, presumably intragenic, that 
can undergo reversion to normal. And Glass referred to experiments in 
Drosophila melanogaster in which, by comparing sex-linked lethal 
mutations induced in the male germ line with those induced in the 
female germ line, it seems possible to discriminate between mutations 
that result from small deficiencies and those that are true “point muta- 
tions’’—inasmuch as in the female germ line, at least at certain stages, 
chromosome rearrangements, including small deficiencies, appear to be 
non-inducible although mutations continue to occur at a low frequency. 

Without doubt the analysis of the nature of mutation will continue 
to be most provocative and will eventually be clarified in terms of the 
basic chemical structure and organization of the genetic material. 
Yet at present it 1s impossible to be sure whether the mutations studied 
by geneticists ever descend to the level of simple alterations in nucleo- 
tide sequence or molecular structures. Even Benzer’s estimates of the 
size of the muton in phage, if correct, do not prove crucial in this 
respect, since one might still be dealing with minute losses; while the 
argument from the reversibility of mutants, on the other hand, proves 
a weak reed in view of the demonstrable reversibility of such extragenic 
changes as chromosomal position effects and the modifications of gene 
function imposed by “controlling elements.” 


20LE OF THE NucLeus, NUCLEIC ACIDS, AND ASSOCIATED STRUCTURES IN 
CELL DIVISION AND PROTEIN SYNTHESIS 


The Chemistry of Mitosis. 

According to Mazia, virtually nothing is yet known about the 
chemistry of the most significant parts of the mitotic apparatus, 
namely, those which relate to the movements of the chromosome, such 
as the spindle attachment points (kinetochores or centromeres) and the 
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division centers (asters and centrioles, when the centers are definable 
at all). Nor has there yet been enlightenment as to the nature of the 
processes that coordinate chromosome duplication with the formation 
of the mitotic apparatus, or that coordinate the dissolution of the 
spindle with the reversion of the chromosomes to the interphase state. 
One important advance in understanding relates to the spindle’s elonga- 
tion, which can be brought about artificially in glycerin-extracted cells 
by means of ATP (Hoffman-Berling). There is good evidence, to be 
sure, that during the mitotic process the genetic material itself is pas- 
sive, and that the principal changes which bring about its ordered dis- 
tribution to the two daughter nuclei are chiefly cytoplasmic. 

Mazia has investigated the composition of the mitotic apparatus 
(spindle, chromosomes, centrioles, and asters), as seen in cleaving sea 
urchin eggs. Satisfactory methods of dispersing the enveloping cyto- 
plasm and of leaving the mitotic apparatus intact were found: at first, 
subzero temperatures in 30 per cent ethanol followed by a dispersing 
agent, digitonin, which does not denature proteins; and later, an even 
better preservation of the native spindle mechanism by using ATP 
(0.01 MM) instead of digitonin. Only the chromosomes tend to be dis- 
solved. The isolated mitotic apparatus proves to be very sensitive to 
its ionic environment. It swells greatly in water and contracts reversibly 
when returned to an electrolyte. 

The chemical analysis of the isolated mitotic apparatus revealed 
that it can be dissolved by agents that split the disulfide bond, and that 
it consists of a protein relatively homogeneous and completely pre- 
cipitable at pH 4.5, with two electrophoretic components. When the 
isolation is carried out with digitonin, a nucleotide component amount- 
ing to 2-3 per cent of the total mass of the apparatus is obtainable. It 
is probably not, as was once thought, RNA itself, but has a single 
nucleotide component that might be ADP, or cytosine or uridine mono- 
phosphate. In view of the well-known relation of ATP to contractile 
proteins, its possible presence in the mitotic apparatus is of particular 
interest. 

The protein content of the mitotic apparatus constitutes in the sea 
urchin egg 11.6 per cent of the total cell protein—a considerable pro- 
portion. This amount is far more than could be contained in the nucleus 
even if it were solid protein, and the observation thus excludes the pos- 
sibility that more than a small portion of the spindle can be derived 
directly from the nucleus. There is no net synthesis of protein in the 
cell during the formation of the apparatus, so the question arises where 
it does come from. The protein might exist in a pool from which it is 
simply assembled; or structures of the interphase state of the cell might 
be dissolved and reassembled: or previously existing protein might be 
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broken down to amino acids or polypeptides and the products used for 
a total synthesis of the protein of the apparatus. Experiments demon- 
strated that a protein like that of the apparatus, soluble and pre- 
cipitable at pH 4.5, does exist in the unfertilized egg. Extracted and 
subjected to analytical ultracentrifugation, this protein exhibited two 
components, one of which could be shown to disappear during mitosis 
and reappear during interphase. This parallel behavior to the forma- 
tion and dissolution of the spindle does not prove but certainly makes 
it plausible that the mitotic apparatus is formed by means of an 
assembly of preexisting material. There is, however, no change during 
mitosis in the proportional amount of soluble (or insoluble) protein in 
the cell. It must therefore be concluded that the formation of the spin- 
dle is at the expense of the dissolution of some other insoluble protein, 
and is not drawn simply from a pool of soluble protein. The effort to 
isolate the presumed precursor of the spindle protein from the unfertil- 
ized egg has succeeded to the extent of obtaining by precipitation with 
CaCl, a very fibrous protein with the expected sedimentation con- 
stant, containing 2 per cent of bound nucleotide, and amounting to 
some 10 to 12 per cent of the total protein of the cytoplasm. The pro- 
tein readily redissolves when calcium ions are removed. The hope that 
this may indeed be the protein precursor of the mitotic apparatus and 
that it may now be subjected to study like that which has illuminated 
muscle contraction seems justified. Ultimately, such investigations 
should lead back to an illumination of the mechanism for the distribu- 
tion of chromosomes and of certain aspects of the chemical basis of 
heredity. 

Alfert’s comments are directed to the hypothesis of the constancy of 
DNA and the chemical properties of the nucleoprotein complexes of the 
nucleus. As to the first, he points out that quantitative cytochemical 
methods—in particular the microspectrophotometric measuring tech- 
nique developed by Swift—have provided data which clearly show that 
the DNA contents of various cells (within the same species or closely 
related ones) fall into a simple series of integers corresponding to the 
number of chromosome sets observable in them through the micro- 
scope. The nuclear DNA content doubles prior to mitotic division and 
increases by powers of 2 when polyploidy or polyteny occurs; but in 
the absence of chromosome duplication, the DNA content of the nucleus 
remains relatively unaltered. The quantitative constancy of the DNA 
is not sufficient to prove its genetic role; that must of course be 
adduced from other evidence. The constancy of DNA does make it 
possible, however, to estimate the extent of chromosome replication in 
cells where chromosome counts cannot be made, to distinguish between 
polyploid and polytenic conditions where these too cannot be observed 
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directly, and to extend the study of cell lineages and evolutionary rela- 
tionships to cases previously beyond the scope of analysis. 

Like Ris, Alfert emphasizes the significance of the doubling of the 
basic histone protein at precisely the same time as the doubling of the 
DNA. Replication must, in other words, be thought of in terms of a 
nucleohistone complex, and not simply of a polynucleotide double- 
helix. The nucleohistone complexes of actively proliferating cells more- 
over differ significantly from those of physiologically active, differenti- 
ated cells. In the former the interphase chromatin is more basophilic 
and the associated histones more acidophilic than in the latter (Bloch 
and Godman). (This conclusion rests on the application to the same 
nuclei of sequential staining with the Feulgen reaction for DNA, with 
methyl green for the number of exposed phosphate groups, and with fast 
green for the acidophilia of the histones.) The interpretation which is 
made is that after cells cease to proliferate and become differentiated, 
the chromosomes acquire a non-histone protein component which com- 
bines with free phosphate groups on the DNA and with basie end- 
groups of the histones and correspondingly reduces the reaction of 
those groups with methyl green and fast green, respectively. This may 
be that “residual” protein of Mirsky and Ris which manifests a rapid 
turnover during protein synthesis. By comparison of dividing cells 
with sperms, in which histone is replaced after meiosis and during 
spermiogenesis by even more basic protamine, and by comparison with 
pycnotie cells, in which the nuclei have also become much more acido- 
phihe but in a different way, further light is thrown on the relation of 
the chromosomal proteins to physiological functioning. Pyenosis 
appears to involve merely an “unmasking” of stainable groups on the 
histones, rather than a replacement of histone protein by more basic 
forms, as in sperm formation. The greater dye-binding capacity of the 
basic proteins during times of physiological inactivity (mitosis and 
spermiogenesis) may reflect the genetic inertness of the hereditary 
material at such times. 


The Role of the Nucleus in Protein Synthesis. 


The role of deoxyribose nucleic acid in the synthesis of proteins has 
been less fully investigated than the part played by ribose nucleic acid. 
The injection into living animals of N1-labeled glycine has clearly 
shown that in metabolically active, non-dividing cells protein is being 
synthesized in the nucleus at a rate that varies with the rate of 
synthesis of cytoplasmic protein. Yet this of course constitutes no proof 
of the direct participation of DNA in the process, since nuclear protein 
might, like cytoplasmic protein, be synthesized under the immediate 
control of RNA 
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Allfrey, Mirsky, and Osawa reported to the Symposium experiments 
that seem to settle the foregoing question. DNA is in fact essential to 
the formation of nuclear proteins. These experiments made use of 
preparations of virtually pure nuclei extracted from cells of the calf 
thymus gland in sucrose solution, and checked for normality and free- 
dom from cytoplasmic contamination by comparison with isolated 
nuclei prepared in non-aqueous media. Such preparations were found 
to contain 45-77 cells per 1000 nuclei, and were estimated to be about 
90 per cent pure. 

Labeled amino acids, such as alanine, lysine, glycine, and methionine, 
are rapidly incorporated into the proteins of these nuclei. The uptake 
is aerobic, and is blocked by a number of inhibitors of oxidative phos- 
phorylation, although not by methylene blue nor by chloramphenicol 
or p-fluorophenylalanine, which block protein synthesis in bacteria, 
nor by ethionine. On the other hand, cortisone and a purine ribosyl 
benzimidazole (a structural analogue of purine ribosides) proved to be 
very effective inhibitors; and there was a strong effect of sodium ion 
concentration on the uptake, with increasing inhibition on either side 
of 0.07 M. Osmotic concentration also had to be carefully controlled 
(peak uptake at 0.2 WM sucrose). The thymus nuclei are not very stable; 
aging, heating or freezing and thawing, and mechanical damage readily 
destroy their ability to incorporate amino acids into protein. That the 
uptake of amino acids was associated with synthesis of new protein 
molecules and is not attributable to an exchange reaction was demon- 
strated by experiments which showed (a) that only the L-isomer from 
a mixture of p and L isomers was utilized, and (b) that once the amino 
acid has been incorporated it stays in the protein and is not exchange- 
able with freshly added (unlabeled) amino acid. Nonetheless, since 
no net synthesis of protein was directly demonstrated, the proof was 
admittedly not complete. Allfrey and his coworkers estimate that the 
uptake observed corresponded to a synthesis of about 8 pg. of protein 
per hour, or 22 molecules of protein of average molecular weight 50,000 
per nucleus per second. 

The crucial experiment to determine the role of DNA in this uptake 
of amino acids by the nuclear protein was of course to determine the 
effect of deoxyribonuclease on the process. Although this enzyme will 
not enter intact cells and destroy the DNA of the nuclei, it readily 
enters the stripped nuclei of the thymus preparations. When 70 per 
cent or more of the DNA had been removed the diminution of amino 
acid uptake was by about the same amount; and washing them free of 
DNAase and restoring them to a medium containing DNA permitted 
amino acid incorporation to rise to approximately the previous levels. 
Even alkali-denatured DNA, apurinic acid, or the non-dialyzable or 
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dialyzable products of the digestion of DNA by deoxyribonuclease 
proved to be just as effective in restoring the checked protein synthesis. 
The role of DNA in amino acid uptake could also be filled by DNA 
from calf liver or yeast, and even by RNA from those same sources. 
Mononucleotides, certain dinucleotides, mixtures of purine and pyrimi- 
dine bases, and AMP, ADP, and ATP were however not effective. The 
effectiveness of RNA in restoring the protein synthesis of these nuclei 
from which DNA had been removed is particularly remarkable in view 
of the fact that treatment of the nuclei of the original preparation with 
ribonuclease was without effect—although it is true that only a little 
over half of the RNA could be removed by this means. The activity of 
DNA in the incorporation of amino acids was shown not to depend 
greatly upon the presence of free phosphate groups on the molecule. 

The proteins of the isolated nuclei were fractionated and tested to 
determine which ones carried most of the activity of the incorporated 
isotopes. Very little was found in the histones. A fraction soluble in 
phosphate buffer at pH 7.1 had most activity, except for a fraction 
closely associated with the DNA of the nucleus. The fraction contain- 
ing most of the RNA also had a high activity. It was also shown in 
these experiments that the isolated thymus nuclei can incorporate 
labeled glycine into nucleic acids, and that the nuclei have the capacity 
to generate ATP from AMP. The synthesis of ATP in the nucleus 
could be inhibited by a large number of well-known inhibitors of oxi- 
dative phosphorylation. 

It follows from these studies that at least certain cells are able to 
synthesize protein in the nucleus as well as in the cytoplasm. These 
nuclei themselves possess the oxidative systems which generate the 
high-energy phosphate bonds presumably required for the synthesis 
of protein. 


The Nucleic Acids and Protein Synthesis. 


As Spiegelman points out, it has become virtually a biological dogma 
within the past decade to attribute the specificity of biological syntheses 
to the trinity, RNA, DNA, and protein. The nature of the interrela- 
tions between these three, despite all the theorizing, remains veiled in a 
mystic aura. Inasmuch as the immediate agents of specificity, the 
enzymes, are proteins, the problem may be framed in another way: is 
there a stepwise synthesis of polypeptides of increasing length and 
complexity, or is a single template responsible for the fabrication of 
each particular kind of protein molecule? “. .. The first mechanism 
implies that at each step contact between the appropriate catalyst and 
the molecule being formed is limited to relatively small proportions of 
the molecular structure of either. Consequently, each of the manv 
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catalysts can have but limited information of what has gone before. 
In the template mechanism, on the other hand, contact between the 
molecule being synthesized and the single guiding catalyst is com- 
prehensive. The template can therefore in principle possess complete 
knowledge of geometrical detail at all stages in the synthesis of the 
protein molecule.” It is because of an appreciation of this distinction, 
here so well put, that most biologists have felt that the “poly-enzyme 
theory,” as Spiegelman terms the former theory, runs into such inherent 
complications and difficulties that it must be abandoned in favor of the 
“template theory.” “Consider,” says Spiegelman, “the situation in 
which 50 out of 100 residues of a particular protein molecule have been 
put together. To make the proper choice, the catalyst presumed by the 
poly-enzyme mechanism to mediate the addition of the 51st amino 
acid would have to possess detailed information on the succession of 
the existing 50 amino acids. The difficulty of transmitting the required 
information would appear to pyramid for the stepwise mechanism as 
the synthesis progresses.” 

In addition to the theoretical difficulty, there is some evidence bearing 
on the matter. To block the utilization of a single amino acid is enough 
to block the utilization of any and all of them. Amino acids are the 
only identifiable precursors of the proteins in specific syntheses of 
enzymes and antibodies, whatever the experimental method used and 
whether in single cells or in entire organisms. There is no convincing 
evidence of the existence of any peptide intermediates. Unequal label- 
ing, such as Anfinsen and his coworkers have found in the synthesis of 
ovalbumen, insulin, and ribonuclease, may result from an incorporation 
of amino acids into proteins by exchange reactions and may have no 
real bearing on complete protein synthesis, as Gale’s studies show. 

In the quest for a suitable template, we note first that 1t must be at 
least as large as the molecule being synthesized and that it must con- 
tain within its own structure the information prescribing the sequence 
of residues in the product. We can also deduce that it must have at 
least three elements, e.g., different nucelotides, in its makeup and ought 
to be universally distributed among organisms, since so “centrally 
necessary [a] mechanism as protein synthesis would [scarcely] be 
mediated in some forms by one type of chemical template, and by a 
completely different sort in others.” We are looking, then, for a macro- 
molecule that is universally distributed, composed of at least three 
elements in roughly equivalent proportions, and itself synthesized by a 
mechanism that insures an accurate sequence, since it cannot function 
effectively as a template if its own order is inconstant. This brings us 
back to the trinity, RNA, DNA, and protein. 
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Spiegelman excludes protein by itself as a suitable template because, 
even if that capacity were limited to certain proteins and not possessed 
by all, the template proteins would have to possess the ability, not only 
to control the synthesis of their products, but also to catalyze their 
own synthesis. There is, he asserts, no cogent reasoning or experimental 
evidence to support such a view. At any rate, one can proceed to con- 
sider which of the two nucleic acids is most likely a component of the 
protein-synthesizing mechanism. 

The work with the transforming principles of Pnewmococcus and 
Hemophilus shows that genetic information can be stored in DNA and 
be transmitted by it. But there are also a lot of experiments that 
demonstrate a dissociation of DNA metabolism from the synthesis of 
protein. X-ray inactivation and photoreactivation after ultraviolet 
inactivation will eliminate DNA synthesis while leaving that of RNA 
and protein. Especially convincing is the capacity of a thymine- 
requiring mutant of Z. coli to synthesize several enzymes in the absence 
of thymine, and therefore while DNA synthesis is in abeyance. Allfrey’s 
observation that isolated thymocyte nuclei treated with deoxyribo- 
nuclease lose the ability to incorporate labeled amino acids into protein 
and regain it upon the addition of fresh DNA. represents a puzzling 
exception. 

On the other hand, while in general RNA synthesis can proceed in 
the absence of protein synthesis, the converse does not hold. There 
are some apparent exceptions, and the exceptions are often the test of 
a theory. Sometimes it may be a matter of the superiority of a tracer: 
labeled glycine, which produced the exception, is probably not as good 
a detector of RNA synthesis as P?2, which did not. Another seeming 
exception was the synthesis of protein in phage-infected bacteria in 
the apparent absence of RNA synthesis; but recently Volkin has shown 
that actually there is an active turnover going on in a fraction of the 
RNA under these conditions. Not all of the RNA need be functioning 
at one time or in respect to one synthesis. 

Evidence that RNA is closely tied to protein synthesis came from 
the studies of the synthesis of indiced enzymes in yeast. The ultra- 
violet dose required to stop enzyme synthesis was far higher than that 
necessary to inhibit DNA synthesis, although the action spectrum was 
that of the absorption spectrum of nucleic acid (Swenson and Giese) ; 
Whereas a dose that inhibited RNA metabolism by 22 per cent sup- 
pressed enzyme formation by 95 per cent (Halvorson and Jackson). 
Minute amounts of the analogue 5-OH-uridine, which inhibits the 
utilization of uracil in the synthesis of RNA, inhibit induced enzyme 
formation (8-galactosidase in E. colt), even after its onset. In other 
words, synthesis of RNA is required for the continued uninterrupted 
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production of the enzyme. The synthesis of other proteins was not so 
sensitive to variations in RNA metabolism, however: and it may be 
that an active synthesis of RNA is a requirement unique to the forma- 
tion of induced enzymes, and not of constitutive enzymes. (An excep- 
tion to this is the constitutive formation of £-galactosidase in certain 
mutants of H. coli. It is just as sensitive to RNA inhibition as when 
inducible.) All of these, and numerous other experimental findings, 
provide only interesting correlations of RNA activity and protein 
synthesis. RNA is in some way implicated in protein synthesis; but 
this is no proof that it serves as a template. We want “an unequivocal 
demonstration that a specific RNA functions as a guide in the forma- 
tion of a specific protein,” or an equivalent disproof of it. 

Spiegelman next proceeded to examine experiments performed with 
fractions of cells. Anucleate systems, such as reticulocytes, enucleated 
eggs, and enucleated amoebae, provide convincing evidence of the 
ability of protoplasm to synthesize protein in the absence of DNA, 
although interpretation is somewhat complicated by the limited metab- 
olism, results of damage, or starvation of the various systems. Experi- 
ments on Acetabularia by Brachet and his coworkers are more satis- 
factory because the enucleated portions retain their photosynthetic 
capacity. In all these cases the performance of DNA as a template 
would seem to be ruled out. 

Work with cytoplasmic particles, such as microsome fractions of rat 
liver cells, has also demonstrated that amino acids can be incorporated 
in the absence of DNA, provided ATP and guanosine triphosphate are 
supplied to activate the carboxyl groups of the amino acids (Zamecnik, 
Hoagland, DeMoss and Novelli, and others). Although no net protein 
was synthesized in these systems, the labeled amino acids were irrever- 
sibly incorporated into protein by means of peptide linkages. From 
Straub’s laboratory has come a report of even a net synthesis of pro- 
tein (amylase) in a cell-free system obtained from pigeon pancreas. 
ATP was required, and ribonuclease stopped the synthesis of amylase. 

Working with microsomal particles derived from pea seedlings, 
Webster has found that amino acids are rapidly incorporated into 
protein and that a small net synthesis of protein can be obtained. The 
requirements for this to occur are complex. Unlike the results of Gale 
and Folkes with a bacterial system, in the present case intact RNA 1s 
not needed but a mixture of the four ribonucleosides or ribonucleotides 
will serve, if supplemented with ATP, Mgt+ and Ke ions, and the 
mixture of 17 or 18 amino acids which was used. The deoxyribonucleo- 
sides are considerably less effective in promoting the incorporation of 
amino acids into protein by these particles. A mixture of the four 
5’-ribonucleotides surpassed a mixture of the four ribonucleosides in 
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effect. Polynucleotides released by enzymatic digestion from yeast 
proved ineffective, and in some cases even inhibited the incorporation 
of amino acids. The interdependence of protein and nucleic acid syn- 
theses in these particles was shown by the effects of inhibitors. In 
every case an inhibitor of nucleic acid synthesis also inhibited amino 
acid incorporation, and conversely. Webster consequently holds that 
the nucleotides act by becoming incorporated into RNA, which is 
essential to the protein synthesis. Hoagland, too, reported (in discus- 
sion) on the firm association of one or more nucleotides with enzymes 
that activate amino acids preparatory to their incorporation into the 
protein of microsomes obtained from liver. 

The work with sonically ruptured bacterial cells by Gale and his 
colleagues has excited wide interest since the announcement in an 
earlier McCollum-Pratt Symposium that protein synthesis was demon- 
strable in them. These preparations can be selectively rid of DNA, 
RNA, or both, by the appropriate nuclease or by 1 M salt solution. The 
incorporation of labeled glutamic acid from a complete amino acid 
mixture proceeds linearly during the experiment, is markedly reduced 
when nucleic acid is removed, and is resumed when staphylococcal 
DNA or RNA is restored. DNA is in this instance more effective. 
The synthesis of complete enzymes (glucozymase, catalase, and 
8-galactosidase), as judged by an increase in the specific enzymatic 
activities, is not checked by removal of even 85% of the nucleic acids. 
But when 93% of the RNA and about 90% of the DNA have been 
removed, synthesis stops. The synthesis of catalase is thereafter 
strongly stimulated by an addition of RNA, the synthesis of B-galacto- 
sidase not by RNA but by a mixture of purine and pyrimidine bases. 
DNA possesses little or no reactivating effect, but in a preparation 
even more thoroughly depleted of its nucleic acids, neither RNA nor 
the mixture of bases is of avail, but DNA markedly stimulates the 
synthesis. The results seem to fall in line best with the supposition 
that DNA is required for RNA synthesis, and that RNA in turn 
synthesizes protein. 

Spiegelman himself has turned*to studies of protein synthesis in 
“protoplasts,” subcellular fractions of bacterial cells produced by the 
action of lysozyme under hypertonic conditions. Bacteriophages will 
multiply in protoplasts, and they retain a high respiratory activity 
and a major portion of the synthetic potentialities of the entire cells. 
They will even form spores, but have a limited capacity for division. 
C1*-labeled glycine was demonstrated to become incorporated within 
them both into protein and into the purines of nucleic acid (MeQuillen). 
Arabinokinase was synthesized by protoplasts of B. subtilis (Wiame 
et al.) and B-galactosidase by protoplasts of B. megatertum (MeQuil- 
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len; Landman and Spiegelman). The ability to synthesize enzymes 
can be abolished in the protoplasts by treatment with either lipase or 
trypsin, to which intact cells are quite insensitive; but this is because 
of the general destruction of the protoplasts by the enzymes and is not 
a specific inhibition of synthetic activity. The nucleases, which also 
do not affect intact cells, strikingly modify the synthetic capacity of 
the protoplasts. Considerable amounts of DNA can be removed, up 
to 99%, without a loss in the enzyme-forming ability; in fact, the 
latter may even be stimulated. But when the removal of RNA ex- 
ceeded 35%, drastic inhibitions of enzyme synthesis occurred. The only 
element of uncertainty appeared to lie in the fact that the degraded 
DNA is not removed from the protoplasts by the treatment, and if 
fragments of it are active or can be reconverted into active material, 
the elimination of DNA from direct participation in the synthesis of 
protein would not be assured. Great difficulty in restoring the nucleic 
acids to the protoplasts after the initial removal made it clear that 
these systems were unsuited for a final demonstration. 

Osmotically shocked protoplasts were the next resort. By carefully 
controlling the osmotic shock produced by suddenly adding water, by 
means of a stabilizing medium such as 0.5 M succinate solution, “shock- 
ates” of the same size and shape as protoplasts but of a lower optical 
density can be produced. The “shockates”’ are much more sensitive 
to ribonuclease and deoxyribonuclease and to various other treatments 
than are protoplasts. Extraction with 1 M sodium chloride removes 
both RNA and DNA from them; and empirically a special “resolving 
mixture” was hit upon that performs a highly selective and efficient 
removal of DNA without greatly modifying RNA or protein content. 
The experiments were expected to be crucial. When all DNA was re- 
moved, enzyme synthesis was unabated. Treatment with ribonuclease 
or 1 M salt solution effectively decreased the enzyme formation. 
Spiegelman, however, then did the one experiment he might have con- 
sidered unnecessary. He tested the shockates from which DNA had 
been wholly removed for the possible resynthesis of DNA during the 
course of the experiment. Extensive resyntheses had in fact occurred, 
and at a rate exceeding by 10-fold the maximal rate of DNA synthesis 
in a growing bacterial culture. The capacity of the shockates to synthe- 
size RNA and protein is searcely a quarter of their capacity to synthe- 
size DNA. In this they contrast strikingly with protoplasts, which 
synthesize DNA, RNA, and protein in equivalent proportions. 

The quest for the template consequently seems no nearer its goal 
today than a year or two ago—perhaps it seems farther away. None- 
theless, the use of these subcellular systems offers many avenues of 
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attack; and by shifting from B. megaterium to E. coli, the rich genetic 
knowledge of that organism can be made a potent tool. Spiegelman 
reports that his preliminary tests show that it is feasible to produce 
shockates of E. coli. 

The study by Vogel of the “adaptive” formation of acetylornithinase 
throws a novel light on the formation of enzymes. Acetylornithinase 
removes the acetyl group from N*%-acetylornithine, so making ornithine 
which is fed into the arginine-ornithine-citrulline cycle. The enzyme is 
constitutive, and yet an adaptive mechanism is involved in the syn- 
thesis of the enzyme by means of a feedback. The phenomenon is as 
follows: a mutant in #. coli that is blocked in the formation of acetyl- 
ornithine will grow when supplied either with that compound or any 
one of the three amino acids of the cycle. Since no acetylornithine is 
formed endogenously by the mutant, the effect of exogenous acetylorni- 
thine on the induction of the enzyme could be tested. On arginine, the 
strain grows exponentially; on a limited amount of arginine plus 
acetylornithine, it grows at the typical rate on arginine until the supply 
is exhausted, then at a slower exponential rate as it utilizes the acetyl- 
ornithine. The longer it grows on arginine, the slower becomes the 
rate of growth observed when the shift to acetylornithine is made. 
There is evidence that this is because of a reduced enzymatic capacity 
to convert acetylornithine to ornithine. The presence of arginine thus 
itself inhibits the synthesis of the acetylornithinase. The presence of 
exogenous acetylornithine in proportionately large amounts (100:1) 
is quite unable to overcome this regulatory action of arginine. The 
amount of acetylornithinase formed is controlled by the amount of 
arginine present and is quite independent of the amount of the enzyme’s 
own substrate in the system. The same phenomenon was found in 
wild-type FZ. coli as well. 

Vogel calls this feedback control over the formation of an enzyme by 
the term, “enzyme repression.” Although the possibility that the 
formation of acetylornithinase is also induced by its substrate has not 
been excluded, that hypothesis appears quite unnecessary. The repres- 
sibility of acetylornithinase formation by arginine serves to limit the 
formation of the enzyme when plenty of arginine is present and thus to 
economize on the formation of the enzyme except when necessary. 
Repressibility and inducibility of an enzyme are thus both of positive 
selective advantage to an organism and may be expected to arise in the 
course of evolution. As to which mechan 
formation is more efficient and as to w 
future can tell. 


ism of control over enzyme 
hich is commoner, only the 
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Nucueic Acips AS TRANSFORMING AGENTS 


The great interest of the studies with the transforming principles 
of Pnewmococcus and Hemophilus lies in the fact that an extracted and 
purified DNA can be reintroduced into the living system. The DNA 
can furthermore be modified by chemical means in vitro and then 
returned to the living cells, and thus the relationship between change in 
structure and change in function may be determined. 

The transformations, as is now so well known, in general transfer 
genetic units singly from the donor strain to the recipient. It is par- 
ticularly significant, as Hotchkiss points out, that in the case of an 
inducible enzyme the genetic potentiality may be transferred without 
regard to the current state of the donor. For example, the capacity to 
dehydrogenate mannitol adaptively may be transferred to a non- 
fermenting strain irrespective of the adapted or nonadapted enzymatic 
state of the donor cells. Thus the transferred units of DNA may be 
regarded as equivalent to bacterial genes which act upon the recipient 
cells at short range and either modify the DNA of the latter or substi- 
tute themselves for it at the time of replication. The transfer is not 
reciprocal. In this it resembles other kinds of bacterial and phage 
recombination and transduction, and differs from the better-known 
genetic recombination of higher organisms. 

The special interest of these transformations lies in the possibility 
of analyzing the interaction between a cell and a cellular component, 
that is to say, between a reactive, or competent, bacterium and a DNA 
particle endowed with transforming activity. Here exists a real possi- 
bility of determining whatever quantitative relationships exist, but 
there are also many pitfalls. The original transformations, those of 
capsule character in Pnewmococcus, soon proved to be unsuitable for 
such studies either because of the loss of many transformed cells which 
were sedimented with the unencapsulated bacteria upon exposure to 
antibody against the latter, or because sedimentation started too late 
and the transformed cells were subjected to competition in growth with 
untransformed cells. It was possible to demonstrate that the antibody 
plays only a selective role, not a formative one, in producing the trans- 
formations; but it also became clear that the transformed cells only 
slowly acquire their new character and even more slowly become able 
to compete in growth with the excess of untransformed cells present. 

For the above reasons, workers turned to drug-resistance transform- 
ations as more suitable for quantitative studies. In this type of 
experiment, the untransformed cells are killed by the drug, which 
acts as a screening agent. By precisely regulating the exposure of the 
reactive cells to the transforming DNA by destroying it after a precise 


788 THE CHEMICAL BASIS OF HEREDITY 


interval with deoxyribonuclease, it became evident that there is always 
a two-phase increase in the number of transformed cells. After a lag 
of about one division period, there is an extremely rapid increase. An 
interval of 1 or 2 hours follows with no further increase. Then a slower, 
logarithmic increase begins. The first rise represents the actual trans- 
formation; the plateau may be described as a maturation period, and 
occurs while the total culture of untransformed cells is still growing; 
the final phase is that of the division of the transformed cells. Both 
streptomycin-resistanece (S’) and penicillin-resistance in Pnewmococ- 
cus, and streptomycin-resistance in Hemophilus, have been shown to 
behave in this way. 

Pneumococcei grow in broth in single clone-clusters which settle to 
the bottom. By shaking the tubes vigorously, the clusters can be broken 
up, and Hotchkiss has used this observation as a basis for determining 
the time at which the transformed cell starts to multiply. In replicate 
tubes shaken after 1 hour and then treated with streptomycin, the 
transformed cells are distributed at random, according to a Poisson 
distribution, and expression of the character is complete. As incubation 
is prolonged before shaking and addition of the streptomycin, the same 
number of empty tubes is found, but many more transformed cells are 
present in those tubes which contain any transformed cells at all. In 
other words, the new portion of transformed cells comes from the 
division of the original ones and there is no subsequent transformation. 
The onset of division among the transformed cells is irregular, coming 
within the second hour for about half of them, not until the fourth 
hour for some. Clearly, the frequency of transformation must be the 
ratio of the original transformed cells to the total present at the time of 
transformation; and this can only be determined prior to the onset of 
replication, yet after the full development of the transformed char- 
acter. Hotchkiss consequently uses a very brief exposure of the cells 
to the transforming agent, viz., 5-10 minutes; and he regards more 
than 15 minutes as most unwise. The physiological sensitivity of the 
growing cells to be transformed is not constant but cyclical. It reaches 
a maximum late in the exponential growth phase of the population, 
and may last some hours or, under particular conditions, may be 
greatly shortened. These are additional reasons why the timing and 
duration of the exposure to DNA are so important. Hotchkiss believes 
the brief periods of sensitivity found by Thomas and Ephrussi-Taylor 
in their experiments (see below) are a consequence of the shortening 
and phasing of the physiological sensitivity of the cells. 

Higher concentrations of DNA yield more transformed cells, but 
again certain precautions must be observed. In assaying by dilution 
end-points, it is the number of test populations containing transformed 
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cells that is observed, and not the number of individual transformed 
cells. Statistical error combines with the uncertainties of selection to 
becloud the result. Yet concentration-response curves have been 
obtained for penicillin resistance, for mannitol dehydrogenation, for 
streptomycin resistance (in Hemophilus as well as Pneumococcus), 
and for capsule character. All of these show an exponential relation 
of DNA concentration to number of transformed cells over about a 
1000-fold concentration range. There is no detectable competition 
between different DNA transforming agents within this range, accord- 
ing to Hotchkiss’ elegant experiment using known mixtures of 
streptomycin-resistance and sulfanilamide-resistance DNA’s. At high 
concentrations, competition becomes evident. When the number of cells 
transformed is plotted against the S’-bearing DNA concentration, each 
curve flattens to a horizontal plateau; that is, saturation is reached at a 
level which is characteristic for each mixture of different DNA’s and 
which is proportional to its content of the DNA being assayed. The 
saturation level is thus a direct measure of the potency (“quality”) of 
any transforming DNA, i.e., of its capacity to transform relative to the 
total DNA content; and the relative activities of different DNA’s at 
saturation can be compared without a knowledge of the actual DNA 
concentrations. 

Harriett Ephrussi-Taylor has used x-ray inactivation of the trans- 
forming factors in the hope of arriving at the dimensions of the bio- 
logically active particle. She concludes that in so far as the strep- 
tomycin-resistance factor is concerned, no simple form of the target 
theory is applicable. Like Hotchkiss, she is much concerned with the 
difficulties of quantitation, in particular with the problem posed by the 
briefness of the period during which the reacting bacteria remain com- 
petent. In her cultures this period lasts, on the average, some 15 
minutes per bacterium, and all the bacteria pass through the phase 
almost synchronously, in contrast to the longer phase of physiological 
sensitivity recorded by Hotchkiss under his own experimental condi- 
tions. Because of the brevity of the reactive state, Ephrussi-Taylor 
mixed the bacteria and the transforming DNA in the culture medium 
at the outset, and let them go through one or more cycles of competence 
before assaying on medium containing streptomycin for selection of the 
transformed cells. At high DNA concentrations the yield of transformed 
cells departs from the logarithmic linearity observed at lower con- 
centrations. A plateau is reached, or there is even a slight decrease, 
followed by a second, roughly linear log rise until a second plateau is 
attained. Suspecting heterogeneity of the DNA, Ephrussi-Taylor, like 
Hotchkiss, carried out an experiment with known mixtures of the 
streptomycin-resistance and unmarked DNA’s. The levels of both 
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plateaus were lowered roughly in proportion to the relative amounts 
of unmarked DNA present; and the first plateau emerged at lower 
concentrations of the streptomycin-resistance factor. Ephrussi-Taylor 
postulates that the first break in the curve occurs because bacteria 
which have reacted with one unit of DNA, generally an unmarked 
one, are inhibited from reacting with another and so from being trans- 
formed, that this inhibition is later reversed as the concentration of 
the marked DNA is increased; and that finally a second plateau occurs 
for some other reason, such as a limit to the number of DNA units a 
bacterium can absorb. Support for the hypothesis was seen in the 
absence of any doubly transformed bacteria until DNA concentrations 
were reached at the level of the first plateau for singles. Doubles at 
this level are about as frequent as expected if the factors are unlinked. 
Ephrussi-Taylor suggests that a sort of fatal genic imbalance may 
arise when a single cell acquires more and more molecules of a single 
sort of DNA, but that balance (and consequently viability and trans- 
formability) would tend to be restored when enough of different sorts 
were taken up. 

When the S’-bearing DNA is heavily x-rayed, so as to retain only 
3 per cent of its original activity, the exponential proportionality of 
activity to concentration is maintained at low concentrations and the 
first plateau occurs as usual. Further experiments were done in the 
linear region of the curve. Calculation of the radiation-sensitive vol- 
ume, which is rendered difficult by the sensitivity of the S‘-DNA to 
free radicals, was gauged by comparing the effects of irradiating in the 
liquid state with those of irradiating in the frozen state. 

Activity as a function of x-ray dose diminishes exponentially, but 
with a sharp break at a level between 5 and 10 per cent of residual 
activity. The activity remaining below that level is much more resist- 
ant to ionizing radiation. From the first portion of the curve comes an 
estimate that the molecular weight of S’-DNA is perhaps 0.7 « 108, 
or about one-tenth of the estimated molecular weight of pneumococcal 
DNA in general. The S’ particle:may be smaller than average or only 
a part of it may comprise the radiation-sensitive volume. 

The residual resistance at high doses above the break in the curve is 
very puzzling. Any protective effect upon untransformed particles by 
those already transformed, or the presence of a second distinct 8” factor 
of higher resistance, can be excluded. Neither of the two remaining 
hypotheses which have been suggested, namely, (a) two sorts of 
particles associated with the activity and of different sensitivity, or 
evidenod: ‘Auto thaisthettee aka ote ieee 
ing in guanine éontent proved to Sika pines wha eb 

alike in respect to x-ray 
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inactivation. As to the latter, treatment with 5 M urea to dissolve any 
aggregates, if present, failed 40 affect the inactivation characteristics, 
although another preparation which showed marked resistance to 
x-rays up to a dose of 8 & 10° r units proved to be more typically 
sensitive after treatment with urea. In other words, aggregation of 
particles, when present, does increase resistance and is readily detect- 
able. It therefore cannot be the cause of the residual resistance, which 
is not affected by urea. 


Another enigma appeared when a S’-DNA preparation was frac- 
tionated into a supernatant portion which was of typical behavior, 
and a second fraction (pellet and lower portion of solution) which 
was far more sensitive to x-rays, was inactivated at about 2.5 « 10° r, 
was altered by treatment with urea, and upon long standing (10 
months) acquired the typical inactivation behavior. It seems that there 
can exist some aggregates which are more resistant to x-rays and others 
which are more sensitive. 


The urea-stable units may be considered the more fundamental 
particles of S’-DNA. Because there seem to be two units differing in 
calculated size by an order of magnitude, and because even the larger 
is an order of magnitude smaller than Doty’s estimates of the average 
DNA molecule, Ephrussi-Taylor is led to suggest that the S’-particle 
is a complex target. These conclusions must be evaluated in the light 
of the report by Goodgal and Herriott that their measurements of the 
sedimentation constants and diffusion data for the S’-transforming 
factor of Hemophilus lead to an estimated molecular weight of 15 
me 10° 

Goodgal and Herriott used S’-transforming DNA derived from 
Hemophilus influenzae and tagged with P?*. They found that the DNA 
absorbed, which at dilute concentrations of DNA is proportional in 
amount to the DNA concentration, is taken up in two forms, a re- 
versible state removable by washing with saline solution, and another 
state irreversible and, since it is inside the cell, resistant to DNAase 
and permanently transmitted during growth and division. The number 
of cells transformed was found to be directly proportional to the DNA 
taken up irreversibly, about 120 molecules of DNA being absorbed for 
each transformed cell. This irreversibly absorbed DNA ean be liberated 
from the cell by lysing it, can be shown to correspond to the expected 
amount of transforming factor, and after liberation is susceptible to 
attack by deoxyribonuclease. The uptake of transforming factor 1s 
apparently not selective; that is to say, the cells will take up other 
DNA’s along with the S’ variety, in proportion to their respective con- 
centrations. One may then conclude that about 1 in every 120 particles 
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of DNA in the donor cell carries the S’ factor, unless the efficiency of 
transformation is less than complete. 

An especially interesting report was that made by the same two 
workers in collaboration with Rupert, in regard to the photoreactiva- 
tion of the S’-transforming factor from Hemophilus after it had been 
inactivated by ultraviolet light. Initial attempts to do this were un- 
successful until an #. coli extract was added to the system. A similar 
extract made from Hemophilus influenzae itself would not work. Heat- 
ing the #. coli extract destroyed its effectiveness. The transforming 
activity of the ultraviolet-treated S° factor which had subsequently 
been exposed to visible light was tenfold that of the same preparation 
kept in the dark. These results show that transforming DNA can be 
photoreactivated after ultraviolet inactivation, like bacteria and bac- 
teriophage, Neurospora microconidia, ete., in which the genetic mate- 
rial is known to be involved. The conviction that the common element 
in all of these phenomena resides in the DNA of the various kinds of 
living systems is hereby greatly strengthened. 

A phenomenon which was reported by Miss Leidy and which 
aroused much discussion related to the activity of S’-transforming 
agents from different species (Hemophilus influenzae, H. parainfluenzae, 
and H. suis) on the character of cells of a single recipient strain, 
H. influenzae strain Rd. The homologous DNA proved to have a very 
much greater transforming power than the heterologous ones, the 
characteristic frequencies being of the order of 1 per 10% for the 
homologous DNA and 1 per 10-6 or 1077 respectively for the heterologous 
DNA. A high degree of species-specificity is thus demonstrable for 
these types of transforming DNA, each of which modifies the same 
phenotypic character. 

Zamenhof, in reviewing the properties of the transforming agents, 
first summarized the evidence that the transforming agents can be 
identified as DNA. Not only do the usual chemical analytical tests 
demonstrate the presence of DNA and of no other substance, but also 
serological methods have failed to reveal the presence of any antigenic 
substances in the transforming agent. Of a variety of enzymes only 
deoxyribonuclease destroys its biological activity. Zamenhof himself 
has purified the transforming agent of Hemophilus influenzae to a pro- 
tein impurity level of less than 0.4% of the amount of DNA present: 
and Hotchkiss has purified the transforming agent of Pnewmococcus 
to the 0.02% level of protein contamination, which would correspond to 
about 12 molecules of molecular weight 10°, or about one molecule of 
weight 10°, in the amount of DNA required to transform one cell. Crit- 
ical tests with inactivation by heat or pH provide convincing evidence 
of the loss of transforming activity at the same temperatures where 
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the viscosity of the preparation begins to decrease. It indeed requires 
a hypertrophied skepticism to set aside the evidence that DNA is 
actually the genetic transforming material which is derived from one 
strain of bacteria and becomes incorporated into the hereditary mate- 
rial of a recipient. 

The molar ratios of the purine and pyrimidine bases of the trans- 
forming factors of Pnewmococcus and Hemophilus resemble those of 
human DNA (1.6A:1.7T:1G:1C), but the DNA of E. coli is quite 
different (close to 1:1:1:1). The native composition may be altered, 
however, either by incorporating in place of thymine a halogenated 
uracil provided in the medium, or by merely changing the thymine con- 
tent of the medium [the content of 6-methylaminopurine in an E, coli 
thymine-requiring strain can be modified 10-fold]. If the DNA mole- 
cules in the organism from which the transforming agent is derived are 
heterogeneous, the measured ratios of the bases would of course be mere 
averages of the individual kinds. Evidence does exist that the DNA 
molecules may differ in length as well as in the proportions of the 
respective purines and pyrimidines, for polydispersity is revealed by 
ultra-centrifugation; and DNA preparations can be fractionated into 
portions characterized by different ratios of the bases. 


Bendich and his collaborators reported to the Symposium their 
studies of DNA fractionation by means of column chromatography on 
“ECTEOLA,” a substituted cellulose derivative. Carbon-2-labeled 
5-bromouracil was supplied to a thymine-requiring mutant of E. coli, 
strain I, and gradient elution from the column was used for the frac- 
tionation, first with increasing concentrations of NaCl at neutrality, 
then with increasing pH at constant salt concentration. The specific 
radioactivity of different fractions was found to vary greatly, even 
when derived from a single culture, and the shapes of the curves for 
the specific radioactivity and the optical density were not superim- 
posable. The results signify that in EF. coli varieties of DNA exist 
which have different capacities to incorporate thymine. By means of 
the same methods (see Discussion) they have also fractionated the 
DNA of the pneumococcus transforming principle, and find that the 
streptomycin-resistance transforming activity is widely distributed 
through the fractions, which differ in activity over a fifty-fold range. 
Some fractions were as much as five times as active as the original DNA 
preparation. 

Using the retention of its transforming ability as a criterion of the 
“functional intactness” of extracted bacterial DNA, Zamenhof has 
surveyed its physical properties, molecular nature, and resistance to 
physical and chemical agents. Transforming DNA resembles calf 
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thymus or human spleen DNA in electrophoretic mobility, viscosity, 
and x-ray diffraction. Its molecular weight was estimated to be 6 « 10°, 
and the lowest amount of unfractionated DNA which will still trans- 
form a particular character is of the order of 10° pg. This is only five 
times as great as the estimated total amount of DNA in a single cell, 
and makes conceivable the assumption that each cell contains only a 
single DNA molecule of each kind. If that were so, the number of 
DNA molecules per cell (about 250) would seem to be too few to 
determine all the hereditary characteristics on a one-for-one basis. 
Zamenhof, on the basis of some association of characters in multiple 
transformations in Pneumococcus, suggests that a single molecule may 
determine more than one genetic marker. 


The transforming DNA is rather stable to heat, and the temperature 
coefficients of heat inactivation are large and suggestive of high ener- 
gies of activation. The transforming DNA is also stable over a wide 
pH range on either side of neutrality. Inactivation at low pH might 
depend upon destruction of the salt form, deoxyribonucleate, or upon 
removal of purines, since removal of less than 2 purines per thousand 
reduced the activity by 99 per cent. Exposure to a low ionic strength, 
such as distilled water, rapidly inactivates the transforming agent; and 
dehydration in any form is drastic in effect. Deamination even to the 
extent of 0.1 per cent reduces the activity to one-thousandth. It is 
interesting that inactivation may to a considerable extent precede any 
noticeable depolymerization (reduction in viscosity) in the response of 
the transforming DNA to crystalline pancreatic deoxyribonuclease. 

The reaction of transforming DNA to mutagenic agents is naturally 
of great interest. Not all mutagens will inactivate it, but most of them 
do so. Inactivation itself may be compared to a lethal mutation: Jess 
extreme mutations, to a destabilization of the active transforming 
agent. The latter phenomenon has been observed after treatment by 
heat, acids, mustards, deoxyribonuclease, and ultraviolet irradiation. 
The inactivation curve produced by different doses of ultraviolet radia- 
tion is of a multi-hit type. Approximately the same dose (500 ergs sq. 
mm.) produces inactivation to 0.1 per cent in both transforming 
principle and bacterial viruses. This dose is only 1/500 of that required 
to produce a detectable change in viscosity. X-rays and other lonizing 
radiations are of course also effective inactivators of the transforming 
DNA. Ferrous ions and hydrogen peroxide, which like ultraviolet 
radiation produce He and OHs free radicals, inactivate—especially the 
ferrous lons, which at low concentrations inactivate without depoly- 
merizing. Mustards, at concentrations below 10-4 M, likewise inacti- 
vate without depolymerizing. Formaldehyde, on the other hand, inacti- 
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vates and depolymerizes simultaneously. The alkylating agents 
dimethyl! sulfate, diethyl sulfate, methyl iodide, and £-propiolactone 
inactivate either by alkylating the amino groups of the bases—the 
purines, and especially guanine, being most susceptible—or by esterify- 
ing phosphate groups. Protein-denaturing agents, such as 4 M urea, 
some general mutagens, e.g., urethane, and some carcinogenic and car- 
cinostatic agents, such as methylcholanthrene and azo dyes, fail to 
inactivate the transforming agent. 

Particularly intriguing is the demonstration by Zamenhof and his 
coworkers of a difference in stability of Hemophilus transforming 
agents carrying different markers, such as streptomycin resistance and 
several types of capsule character. The differences in stability of trans- 
forming agents from organisms of capsule types b and d, as well as that 
of streptomycin resistance in those two strains, were most marked, and 
were demonstrable not only in response to ultraviolet radiation, but 
also to nitrogen mustard, ferrous ions, ete. Streptomycin resistance in 
capsular type b reaches a distinct plateau which is maintained to very 
high doses that completely inactivate, for example, streptomycin re- 
sistance in type d. It is thus rendered possible to separate the genetic 
mixture into certain pure components by inactivating the more sensitive 
types. Transforming-DNA from the strain with streptomycin resist- 
ance (capsule b) after exposure to 16,000 ergs/sq. mm. and a con- 
sequent reduction to 1 or 2 per cent of its original activity, yielded 
transformed cells the DNA from which was inactivated by only 900 
ergs/sq. mm. It thus appears that the differences in stability are not 
transmitted but may reflect heterogeneity in particle size or other prop- 
erties. There is therefore no evidence from these experiments that the 
single factor for streptomycin resistance can be separated into two 
types of permanently distinct stability. 

The heterogeneity reported by Bendich, Pahl, and Brown is presum- 
ably of a different sort, although they have presented no evidence that 
it is heritable. They suggest that it may rest on differences between the 
cells in respect to growth. One would expect a complete synthesis of 
DNA in growing cells and merely an exchange of thymine for labeled 
5-bromouracil, such as Zamenhof has demonstrated, in cells that are 
not dividing. If this were so, the DNA of the actively growing cells 
would possess the lowest amount of radioactive label. Since those 
fractions eluted in the alkaline region have the highest streptomycin- 
resistance transforming activity, as well as the nearest ratio to unity 
for the four bases and a relatively low specific radioactivity, Bendich 
thinks that these later fractions possibly represent the true genetic 


material. 
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VIRUSES AS BEARERS OF HERITABLE CHARACTERISTICS 


The bacterial viruses appear to belong on an equally basic level of 
replication with the bacterial transforming factors. According to 
Herriott, who introduced this group of papers, the virulent, T-even- 
numbered phages which attack FH. coli are particularly suited for such 
studies. The DNA of these tadpole-shaped phages resides in the head, 
surrounded by a protein coat continuous with the substance of the tail. 
By osmotic shock, the DNA ean be released, leaving behind a “ghost” 
which cannot replicate within the host bacterium, although it possesses 
the host range specificity and the capacity to “infect” and “kill” it. It 
can also inhibit the synthesis of RNA and adaptive enzymes in the bac- 
terium, and can lyse it. The bacterium so infected forms DNA and 
protein, but they are not proper phage components. 


Upon adsorption of an entire phage particle to the host, the DNA, 
together with about 3 per cent of the protein, enters the cell. Most of 
the remainder of the protein may be stripped away from the host 
without altering the course of infection or the replication of the virus. 
During an “eclipse” period subsequent to entry of the phage, no mature 
or infective particles can be isolated from it. This is the period when 
new phage particles are being made. Fortunately, these events can be 
followed to some extent by the fact that phage DNA is unique in con- 
taining the pyrimidine 5-hydroxymethyleytosine; and viral and baec- 
terial proteins can be distinguished serologically. The immediate 
metabolic changes observed are the following: the synthesis of RNA 
is reduced to 2 or 3 per cent; synthesis of phage DNA commences after 
a brief lag; and protein synthesis continues unabated. The latter is 
very significant. If protein synthesis is interrupted, then the synthesis 
of phage DNA cannot commence; but only a brief interval of protein 
synthesis is sufficient to start the DNA synthesis going, and then it will 
continue even if protein synthesis is blocked. This early-formed protein 
does not, however, enter the phage progeny in its entirety. Perhaps it 
represents the special enzymes needed to synthesize the phage’s unique 
pyrimidine. 


No appreciable proportion of isotopically labeled protein from the 
phage parent enters the progeny, but about half of P?2-labeled phos- 
phate, nearly all of which is in the nucleic acid of the virus, is trans- 
mitted to the descendants. By freezing infected bacteria, Stent was able 
to follow the Inactivation of the phage brought about by the radioactive 
decay of the P32. One in every 12 disintegrations proved fatal to the 
phage particle, whence it is deduced that at least 8 per cent of the DNA 
1s essential to the replication of the phage. Some of the genetic markers 


of the inactivated phage might, however, be rescued by becoming 
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incorporated into the progeny of unlabeled phage introduced simul- 
taneously into the host bacterium. Doermann and _ his coworkers 
showed that genetic markers can likewise be rescued from ultraviolet- 
mactivated phage particles; that the individual genetic units are only 
4 per cent as sensitive as is the infectivity of the entire phage and 
hence are probably of that relative size in comparison to the entire 
amount of DNA; and that while unlinked genetic markers are inacti- 
vated independently by ultraviolet, linked ones are in general inacti- 
vated together. The evidence supplied by Stent and by Doermann’s 
group is, according to Herriott, “the best existing evidence that the 
genetic structures are associated with the phage DNA.” 

It is somewhat puzzling that only 30-50 per cent of the labeled 
phosphorus of phage DNA gets into the progeny. The present tendency 
is to view this loss as a sum of the inefficiency of a number of steps. 
Of the several hundred progeny released from a single bacterium in- 
fected with labeled phage, only 5 to 25 carry the P®2 label (Stent and 
Jerne), so that by no means all progeny receive a material contribution 
from the parent for every unit of DNA. It still seems most probable 
that, as Luria originally proposed, each infecting parental phage parti- 
cle undergoes a geometrically progressive replication in producing its 
progeny. 


Transduction. 


Four years ago, in 1952, Zinder and Lederberg reported the discovery 
that phage may serve as a vector of genetic material from one host to 
a second. The bacterial species involved was Salmonella typhimurium. 
In a very comprehensive review Hartman has undertaken to compare 
the nature and effects of transduction, and the light it has thrown on the 
genetics of bacteria, with other processes that likewise lead to genetic 
recombination in bacteria. These include, besides transformation (dis- 
cussed in the previous section), also sexual recombination and transfer 
of the capacity to produce bacteriocins,* both of which require con- 
jugation of the participating cells. 

Transductions are in general mediated by temperate, or lysogenizing, 
phages, although their virulent mutants can also transduce. Only 
a single genetic unit 1s generally transduced at one time, that is, into a 
single recipient cell, although all known genetic markers in Salmonella, 

* Several unusual types of mutants have been reported in the gram-negative 
enteric bacteria. Bacteriocins or colicins are substances which become adsorbed to 
and which kill sensitive bacteria, usually without lysing them. They are produced 
by certain strains, more commonly in £. coli and Shigella than in Salmonella. The 
property of producing such substances is inherited, and resistance to them is also 
hereditary and may be acquired by mutation; but these loci have not yet been 
placed on the genetic map of the FZ. coli chromosome given by Hartman. 
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with the exception of a few in one particular strain, are separately 
transducible. Transducing phages have also been found for EF. coli, 
and transduction may even occur between FE. coli and Shigella. The 
phage, when supplied with sensitive cells which it lyses, apparently 
incorporates and transports into the recipient cell a fragment of DNA 
bearing a certain genetic factor. This transduction takes place for a 
particular unit only with a very low frequency, about 10°°. If the 
recipient cell escapes lysis, the transduced element becomes separated 
from the phage DNA. It then either remains free in the cell, in which 
case it does not multiply and is segregated at each cell division, so as to 
form a unilinear “‘semiclone” (abortive transduction); or it synapses 
with homologous genetic material in the bacterial chromosome and can 
then replicate itself (transduction proper). In the latter event, it may 
become integrated into the chromosome, by replacing either a part or 
all of the original homologous material; or both new and old genetic 
elements may remain together and thereby produce an effectively 
diploid but unstable condition, segregating about once in every thou- 
sand divisions. About one-third of the transduction clones are of the 
former, stable variety; about two-thirds, of the diploid, unstable sort. 

Much study has been devoted to the behavior of transduction in 
£. coli strain K12 and to its temperate phage lambda. In the lysogeniz- 
ing bacteria, the capacity to produce the phage is located at a definite 
locus in the chromosome, the locus lyA, which is closely linked to a 
galactose-fermenting locus, gal. The prophage, as the bacterial virus is 
called when it occupies a site in the bacterial chromosome, is character- 
istically specific in the locus it selects. In fact, lambda phage never 
occupies any other locus except the lyA locus and it transduces only the 
gal and other markers closely linked with it. When diploidization 
occurs, mostly the gal locus behaves as if heterozygous, but sometimes 
the lyA locus is heterozygous too. In so far as the prophage comprises 
a part of the bacterial genome and acts like other genetic units in modi- 
fying characters, such as conversion to toxigenicity, production of 
immunity to lysis by homologous phage, ete., the process of lysogeniza- 
tion which leads to the incorporation of the phage into the chromosome 
may be regarded as analogous to transduction, although there are not 
a few ways in which lysogenization and transduction differ. Notably, 
the phage may lose by mutation its ability to transduce without losing 
its ability to lysogenize. 

Like Hotchkiss, Hartman emphasizes the significance of the fact 
that transformation and transduction, and probably also sexual recom- 
bination in bacteria (Lederberg; Jacob and Wollman, see below) are 
unidirectional, and not reciprocal, transfers of genetic material. In this 
respect they differ fundamentally from sexual recombination in the 
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higher plants and animals. It is perhaps a consequence of the nature 
of the transduction process that the size of the piece which can be 
transferred is minimal; and it may well be that the puzzling phe- 
nomenon of “negative interference” (that is, the occurrence of double 
exchanges with a frequency greater than the product of the frequencies 
of single exchange in each of the regions involved), has no other meaning 
than this, and was puzzling only because we thought of what was to be 
expected in terms of the sexual processes in higher organisms, where 
crossing over between large, somewhat inflexible chromosomes is con- 
ventional. 

There is no direct evidence that the genetic material of transduction 
is DNA, as there is in the case of the transforming agents. There is, 
however, a considerable body of indirect evidence to that effect. It is 
of the same nature as the evidence that DNA is involved in genetic 
recombination, evidence which is strengthened by demonstrations that 
in recombination P** in labeled DNA follows the direction of genctic 
transfer, so that recombinants may be killed by decay of P®? trans- 
ferred to them from a labeled donor strain. 

There is also no direct evidence in regard to the absolute size of the 
transduced material. Sensitivity of phage infectivity to ionizing radia- 
tion is much greater than that of the ability to carry out a single trans- 
duction; accordingly, one might deduce that the transduced element is 
much smaller than the material in the phage which is required for a 
lytic or lysogenic infection. The transducible prophage may be equally 
small in relation to the infecting phage material. In Salmonella, the 
fragment is “at least several gene loci long.” In E. coli the piece trans- 
duced by lambda phage carries not only the lyA locus but two adjacent 
gal loci. 

It is a striking confirmation of the genetic linkage studies based on 
sexual recombination that loci transferred together in transduction are 
those known from sexual recombination to be very closely linked to one 
another. Transduction here offers a tool for finer analysis of the bac- 
terial linkage map than does sexual recombination. By transduction, 
the gal locus of E. coli, and likewise the lyA locus, have been shown to 
be compound. Morse and the Lederbergs have studied 8 galactose- 
utilizing mutants, which are distinct (except for gal, and gal,) and yet 
are closely linked. Gal, and gal, in the trans heterozygous configura- 
tion yield a negative phenotype; in the cis configuration they produce a 
positive phenotype. This very interesting example of the position 
effect” phenomenon is differently interpreted than in Drosophila. 
There such an interaction occurs between non-alleles (pseudoalleles) 
which can crossover and recombine. Here in E. colt it 1s taken as evi- 
dence of the “allelism” of gal, and gal,, which together yield a negative 
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trans phenotype, and of the non-allelism of those two gal mutants with 
galg and others, all of which yield a positive trans phenotype in such 
combinations as gal,/gals. , 

Kalckar, from studies on human galactosemia, a congenital heredi- 
tary disorder in which the affected person is unable to invert galactose 
to glucose, presented an analysis that bears dramatically on the array 
of galactose-negative genes studied in EF. coli by means of transduction 
with lambda phage (Morse and the Lederbergs). Four steps are 
involved in the utilization of galactose, mediated respectively by a 
galactokinase, responsible for galactose phosphorylation; a phospho- 
galactose-uridyl transferase; a galacto-waldenase, responsible for the 
actual inversion; and finally an enzyme responsible for the release of 
phosphoglucose from the uridyl compound and the regeneration of 
uridine triphosphate. The £. coli mutants so far found fall into two 
groups, those lacking the kinase, and those lacking the transferase 
(Kurahashi). A combination of extracts from mutants of different 
types restores the utilization of galactose; but combined extracts of 
mutants blocked in the same step fail to do so. Mutants 1, 4, 6, and @ 
all blocked in the transferase step, are very closely linked in the 
transduction experiments; mutant 2, blocked in the kinase step, recom- 
bines with mutants of the first group rather more freely. 

The lactose-fermenting mutants of E. coli K12 are also interesting. 
They occur at 7 different loci, two of which, lac, and lacy, are closely 
linked with each other and with a third locus, ind, that governs the con- 
stitutive versus inducible character of the enzymes controlled by the 
two adjacent lac loci (lac, governs the production of a galactose 
permease which is necessary to permit lactose to enter the cell; and lac, 
governs the production of B-galactosidase). Other lac loci are not 
closely linked with each other or with the lac,-lacs group. 

It is in Salmonella, however, that such analyses have progressed 
farthest, through the work of Demerec, Hartman, and their coworkers. 
The clustering in EZ. coli of loci of a similar nature, viz., in addition to 
the gal and lac loci just mentioned, the close proximity of two other ly 
loci to lyA, and of two methionine-requiring loci to each other forecast 
the discovery of a much more highly organized arrangement of meta- 
bolically related loci in Salmonella. For example, all mutants which 
require histidine for growth lie within one small region of the Sal- 
monella typhimurium chromosome. This histidine region, studied by 
Hartman, is revealed as comprising four genetic loci arranged in the 
same linear order as the sequence of biochemical steps in the synthesis 
of histidine from a precursor of imidazole glycerol phosphate (Fig. 1), 
Within each of these four loci A-D (Benzer’s cistrons) numerous inde- 
pendent mutations have occurred, which yield very few if any wild- 
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Fic.1. Linkage map of the histidine region of the 
Salmonella typhimurium chromosome 
Probable relation of gene loci (A-G) with enzymatic reactions (A—G) in the 
proposed primary pathway of t-histidine synthesis. (From Hartman.) 


type recombinants with other mutations of the same group, but do 
recombine with mutants belonging to any of the three other groups. 
The mutants of any single group, all of which according to present evi- 
dence affect the same biological step, are nonetheless distinguishable 
either (a) because they yield some wild-type forms by genetic recom- 
bination, or (b) because they mutate to wild-type or to other mutant 
alleles at different rates, or (ec) by virtue of “secondary” properties 
such as differences in response to specific suppressor genes, tempera- 
ture sensitivity, or growth requirements. One mutant form of the B 
group, hi-22, does not recombine with any other mutant of that group, 
and is presumably, like certain of Benzer’s phage mutants, the result of 
a deficiency for the entire region or some other kind of chromosomal 
rearrangement. In the entire series of 32 tentatively mapped histidine- 
requiring mutants, only two appear to be identical. 

The tryptophan-requiring mutants of Salmonella likewise fall, 
according to the studies of Demeree et al., into several groups which 
are arranged in the same sequence as the biochemical steps in the 
synthesis of that amino acid. This is not true of all biochemical 
mutants studied in Salmonella, however; for example, the cystine- 
requiring loci are more scattered. [Still, the implication of such an 
arrangement, namely, that linked biochemical steps, either at the sub- 
strate or the enzymatic level, take place in sequence along the surface 
of the chromosome, offers a fascinating subject for speculation. Pre- 
sumably, in organisms such as Newrospora where some closely related 
chemical steps are controlled by almost randomly distributed loci, the 
apparently superior efficiency of such an arrangement has been sup- 
planted by advantages of some unknown sort.—B. G.] 


Lysogenicity. 
An outgrowth of transduction studies has led to a recent rapid 
development of our knowledge of the bacterial chromosome map and 
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the genetic relations between the loci and subloci. It arose from a spec- 
tacular discovery that has brought new insight into the nature ot sexual 
recombination in bacteria, a discovery that emerged from the study oi 
lysogenizing virus and its conversion into prophage, attached to the 
bacterial chromosome of the host. Jacob and Wollman have dealt with 
these newest developments. 

It is important to recognize that when a temperate phage infects a 
sensitive bacterium and, instead of lysing it, becomes a prophage, one 
cannot disrupt the lysogenic bacteria and find infectious particles 
within them. The lysogenic bacteria are, nevertheless, rendered immune 
to the strain of virus that has thus entered them, and to all its mutant 
forms as well, except one special class. Furthermore, the lysogenic 
bacteria possess also the capacity to lyse and release once more the 
same type of infectious phage. Spontaneously, such lysis occurs rather 
infrequently, but at a definite rate (10° to 10°) for a given strain 
under constant conditions. Nevertheless, the production of phage from 
lysogenic bacteria can be induced in virtually all individuals of cer- 
tain strains, by exposing them to the action of an inducing agent such 
as ultraviolet light or certain mutagens. The induction process must 
in some way convert the prophage into phage which multiplies inside 
the bacterium before release, for it can be shown that the average num- 
ber of prophages per cell is one per nucleus, yet many infectious virus 
particles are released upon lysis of the bacterium. 

The prophage must, on the other hand, replicate in step with the 
bacterial nucleus, since a 1:1 prophage/nucleus ratio is maintained. 
It not only possesses genetic continuity, but can mutate, often so as to 
produce defective lysogenic strains which lyse upon induction with 
ultraviolet radiation but fail to form and liberate active phage (except 
in some 107 individuals which represent back mutations to regular 
prophage). Since the prophage can give rise to infectious phage particles 
of the original type, the prophage must also carry the store of genetic 
information of the original normal virus. Since, as has already been 
said, infectious virus particles inject their DNA and but very little 
protein into the host cell, it is highly probable that the prophage is a 
part or is all of the virus DNA. How then does it differ from the 
vegetative phase that normally intervenes between the infection of a 
bacterium by a virus and the lysis of the host cell with liberation of the 
replicated virus particles? The answer must lie in the coordination of 
the replication of the prophage with the replication of the bacterial 
chromosome, and in its failure to cause the host cell to manufacture 
virus protein until “induced.” The coordination referred to is no doubt 
a consequence of the attachment of the prophage to a particular site 
on the bacterial chromosome. How this has been learned is one of the 
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most fascinating stories in the entire development of bacterial and 
phage genetics. 

In £. coli strain K12 there is a well-known lambda prophage, which 
has already been referred to. The genetic behavior of the lysogenic 
character could therefore be studied in crosses between lysogenic and 
non-lysogenic varieties of this strain, which for a long time was the 
only one in which sexual recombination could be demonstrated. It was 
discovered that the lysogenic character segregates like other bacterial 
genes and exhibits a very close linkage to a galactose-fermenting locus, 
gal (Lederbergs; Wollman). In crosses between two lysogenic types 
carrying different prophages, the prophage characters themselves 
showed this linkage to the gal marker (Appleyard). 

When in 1952 Hayes and the Lederbergs discovered the F+ and F— 
mating types in HE. coli K12, and the frequency of mating could thence- 
forward be controlled and greatly enhanced, it was learned that 
A-lysogeny could not be transmitted from an F* bacterium to an F— 
ly— mate, whereas the reciprocal transfer went very readily; that is, 
from an F+ ly— donor the non-lysogenic character could be transferred 
to the F— lyt+ recipient, replacing the lysogenic prophage of the latter. 
As Hayes noted, the bacterial recombination is a consequence of a par- 
tial transfer of genetic material from the donor to the recipient parent. 
Not all F*+ bacteria can accomplish mating, but only certain rare 
Hfr mutants; and the isolation of the Hfr (for high frequency of mat- 
ing) strain of F+ mating type has speeded up the analysis of genetic 
recombination in EZ. coli enormously. When it appeared that the Hfr 
strain could transfer to F— mates only a particular region of the bac- 
terial chromosome, a segment O-R, Jacob and Wollman had the happy 
idea of interrupting the mating process at timed intervals after it had 
commenced by agitating the cells in a Waring blendor. They then 
discovered that the Hfr donor always contributes the genes of the 
segment transferred in a particular order, beginning with the O end of 
the segment. The longer the period of mating permitted, the longer the 
piece of chromosome transferred, up to a rupture point (R), beyond 
which the transfer did not go. Consequently it was readily possible to 
locate the genes on the transferred piece in their sequence from O to R. 
In this piece lies the gal locus, and 15 recombination units from it but 
nearer R lies the locus of the prophage lambda. Consequently gal might 
<ometimes be transferred to the recipient strain without A, but A was 
never transferred without gal. The prophage d is definitely situated in 
the bacterial linkage map, and along with the other genes in the trans- 
ferred piece, is injected by the donor into the recipient. (In electron 
micrographs of mating Hfr and F— cells, a narrow bridge-like connec- 
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tion can be seen between the mates. It is presumably through this that 
the injection of the piece of chromosome takes place.) 

Then what of the inability of the F*+ donor to transmit A-lysogeny 
to an F~ ly~ mate? This turned out to be a consequence of “zygotic 
induction,” that is to say, whenever the A prophage is transferred into 
a non-lysogenic cell, induction occurs, the prophage becomes a veg- 
etative phage, lyses and destroys the zygote. Here is evidence that the 
prophage does not behave like a normal bacterial gene; under these 
circumstances it acts like a dominant lethal! 

Since a bacterium can carry a considerable number of different 
prophages, provided they are unrelated, the next problem was to dis- 
cover how the prophage loci were distributed on the bacterial chromo- 
some. About 7 ultraviolet-inducible prophages and 7 that were non- 
inducible were selected as a sample for study. It became evident that 
all the representatives of the former group were located at various 
points in the segment between gal and R, whereas all the others lie out- 
side of that segment. Most of them are in another segment marked by 
the maltose-mannitol-xylose markers, which certain other Hifr mutants 
inject into their mates in place of the O-gal-A-R segment. It seems 
that ultraviolet-inducibility may be a property of a particular segment 
of the bacterial chromosome, and not an inherent property of individual 
phages. The order of the inducible prophages could readily be mapped 
in three independent ways: (1) by the frequency of recombination with 
gal in the cross of Hfr gal+ ly— S’ with F— gal— ly+ S" (where ly stands 
for the prophage being tested) ; (2) by the percentage of zygotic indue- 
tion in the cross Hfr ly+ with F— ly—; and (3) by noting the time re- 
quired for the prophage to enter the F— cell after the parents are mixed, 
this time of course varying directly with distance from O-gal along the 
segment toward R. The several methods agree perfectly in the deduced 
seriation of the prophage loci—and thereby demonstrate a perfection 
of mapping linked loci that even the correlation of 3-point crosses and 
salivary chromosome analyses in Drosophila can searcely equal. 

An even more significant question was the following: how is the 
prophage integrated with the bacterial chromosome? Is it synapsed 
alongside of a particular homologous region? Or has it actually been 
inserted into the continuity of the bacterial chromosome as a substi- 
tute for a particular part? Light was thrown on these alternatives by 
further studies with lambda. Lambda undergoes mutations. like other 
phages, which affect its plaque size, plaque type, or host range. By 
exposing the phage to small doses of ultraviolet radiation before infec- 
tion, the amount of recombination within the lambda segment or locus 
may be increased. The results showed that all the lambda mutants lie 
within this segment and very closely linked to a c¢ locus which deter- 
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mines the phage’s capacity for lysogenization, its immunity pattern, 
and probably the specific location of the prophage on the bacterial 
chromosome. Among a sizable number of independently obtained c 
mutants all fell into three phenotypic classes according to the clearness 
of the plaques formed. Mutants of each c phenotype were found to form 
a cluster on the linkage map, the c; mutants, which have lost the ability 
to lysogenize, in the center; the cz mutants, with capacity reduced to 
about 1/100, on the left; the ec. mutants, with capacity reduced to about 
1/10, clustered on the right. The entire c segment comprises about 
1/15 of the total genetic length of the lambda region. Two more points 
seem particularly significant. First, the c mutants of different types 
(Cy + Co, Cy + C3, Co + C3) can cooperate in mixed infections to yield 
a rate of lysogenization equal to that of the wild-type. Second, in 
crosses between lambda and the other related phages, the mutant 
characters to right or left of the c locus can be transferred to yield 
recombinants; but no recombination takes place within the c locus. To 
all intents and purposes it is the identity of the phage. To illustrate, 
prophage 434 which has received the right and left portions of lambda 
marked by the mutants co, and cos, respectively, but has its own c 
locus, remains 434 in immunological type and stays located at the 434 
site, to the right of lambda. 

A preliminary answer to the questions raised in the preceding para- 
graph has been obtained by studying the recombination within the 
lambda region in conjunction with that in the bacterial chromosome. 
By marking the latter to right and left of the lambda region, one would 
expect that if lambda is inserted in the chromosome, then every single 
crossover within the lambda region would result in a separation of the 
bacterial genetic markers to right and left. Actually, recombination 
within the lambda region was found to be relatively independent of any 
recombination of the bacterial markers. This implies that the 
prophage is in all probability not inserted into the bacterial chromo- 
some, but attached to it in some other way. Further evidence can be 
derived from the effect of the decay of P** introduced into the pro- 
phage. The latter can be inactivated by the P** decay without any 
corresponding lethal effect upon the entire bacterial chromosome. 

Jacob points out that in a number of cases the presence of a prophage 
in a bacterium modifies various, seemingly unrelated properties of the 
host. Particularly important is the association in Corynebacterium 
diphtheriae of lysogenicity, that is, the presence of a prophage, with 
the production of the characteristic deadly diphtheria toxin. The 
toxigenic character is passed from strain to strain by certain lysogeniz- 


ing temperate phages. 
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An interesting speculation is whether the much-mooted “latent 
viruses,” if they do exist in the cells and tissues of higher organisms 
are not analogous to the bacterial prophages. One item that makes this 
idea seem rather plausible is the resemblance between the transmission 
of lysogeny and of maternally inherited traits in which a cytoplasmic 
element is involved. Lysogeny, as has been pointed out, can be trans- 
mitted only from the F— parent, equivalent to a female parent because 
it contributes both cytoplasm and nuclear material to the progeny. 
The Hfr parent, equivalent to the male because it transmits only 
chromosomal substance to the progeny, never transmits lysogeny 
because of zygotic induction and its fatal consequences. This is 
remarkably like some cases of maternal inheritance in animals, par- 
ticularly that of CO, sensitivity in Drosophila, which l’Héritier has 
shown to be of a viral nature. The relations which are now being 
disclosed between active phage, prophage, and bacterial host may 
eventually illuminate many hitherto mysterious relationships, such 
as that between viruses and cancer. 


The Reconstitution of Virus from Nucleic Acids and Protein. 


Reports in 1955 of the fractionation of tobacco mosaic virus into 
nucleic acid and protein portions which were without biological activ- 
ity, and of their successful reconstitution into active tobacco mosaic 
virus created a great stir not only among scientists but also in the 
popular press. In their present contribution dealing with the extension 
of that work, Fraenkel-Conrat, Singer, and Williams first of all make 
it clear that subsequent investigation showed that the nucleic acid 
fraction was not devoid of all activity, as they had at first thought. 
Infectivity, as Gierer and Schramm independently pointed out, is a 
property of the nucleic acid itself. It nonetheless remains true that 
the reconstituted particles have a much higher activity than can be 
demonstrated in the nucleic acid fraction alone, although this is per- 
haps because the “unwrapped” nucleic acid is so much more labile and 
difficult to work with. In recent assays, according to Fraenkel-Conrat, 
the reconstituted particles, which like the native virus have a protein 
sheath around a core of RNA, have exhibited 10 to 25 per cent of the 
biological activity of the native tobacco mosaic virus, whereas the 
naked nucleic acid has only 1 per cent of the activity of native virus. 
or in relation to the nucleie acid of the latter, only 1/2000 of its 
activity. [According to Franklin, the RNA is not strictly speaking a 
heavy-atom derivative of the vires fe any ey, eattering when 

eavy ! f of s zed, the RNA lies at a radial 
distance of about 40A Irom the axis of the tobacco mosaic virus 
particle, or about halfway out to the surface. } 
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The most significant development to grow out of the reconstitution 
experiments to date is the feasibility of putting together RNA and pro- 
tein from different sourees—making, one might say, artificial hybrids. 
These experiments, performed with six strain mixtures, clearly demon- 
strated that RNA is the main genetic material of the virus; for the 
symptoms of infection evoked with the artificial hybrids always cor- 
responded to the source of the RNA, never to that of the protein. Using 
typical tobacco mosaic virus (TMV) and Holmes’ ribgrass virus (HR) 
in most of the work, Fraenkel-Conrat and his coworkers found, for 
example, that HR nucleic acid + TMV protein yielded an infectious 
particle with all the characteristics of HR except that it not infre- 
quently showed a higher specific infectivity, intermediate between 
those of TMV and HR. Conversely, TMV nucleic acid + HR protein 
vielded a particle with the characteristics of TMV, including its high 
specific infectivity. Virus progeny of the second generation retained 
the characteristics of those of the first generation hybrids. 

Amino acid analyses of the hybrid virus progeny of HR nucleic acid 
+ TMV protein seem to show some very slight deviations in content of 
some amino acids from the characteristic HR content, in particular, 
less lysine and more glycine. However, a mutant of this hybrid was 
found with appreciably higher infectivity, almost equal to that of 
tobacco mosaic virus, and with an amino acid makeup different from 
both parental strains. On some hosts its symptoms resembled the 
lesions produced by tobacco mosaic virus and on other hosts the lesions 
produced by HR. In preparing controls by separating the nucleic acid 
and protein of HR and then reconstituting them into infectious parti- 
cles, another mutant with markedly different amino acid composition 
and producing a unique set of symptoms was discovered. It may well 
be, therefore, that the “unwrapping” of the nucleic acid and the recon- 
stitution of virus particles render the nucleic acid particularly labile 
and subject to mutation. _ 

Another type of experiment now made possible is that of mixing the 
nucleic acids from two different strains and then reconstituting entire 
particles. Typical TMV lesions and typical HR lesions, as well as 
lesions of an intermediate type, were obtained after mixing TM\ and 
HR nucleic acids. However, since it proved possible to isolate both 
pure TMV and pure HR virus from the lesions of intermediate type, it 
is not clear whether or not true hybrid RNA particles can be produced 
in this manner. 

Considerable labor has gone into the demonstration that the infec- 
tivity of the nucleic acid fractions (prior to reconstitution ) is genuine 
and not a product of contamination with undissociated virus particles. 
In the ease of TMV nucleic acid, it could be shown that the activity ot 
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the RNA fraction was at least 100 times greater than that of any 
tobacco mosaic virus that could be sedimented out by the ultracentri- 
fuge, which can sediment tobacco mosaic virus almost quantitatively. 
Rabbit anti-TMV antibodies, highly effective against tobacco mosaic 
virus, do not inactivate the RNA derived from it; and on the other 
hand, the activity of the latter is very sensitive to salt and to 
ribonuclease, whereas native tobacco mosaic virus is not. 

Contrary to the conclusions of Schramm (in the Discussion), who 
holds that the active RNA unit is of high molecular weight—corre- 
sponding to the entire nucleic acid core of a single virus particle, and 
therefore about 3 « 10®—the Berkeley workers find that infectivity is 
associated with material of a low or average molecular weight, about 
2 or 3 X 10°. High ionic strength disturbs this “native” structure, but 
PH changes are less harmful to it. 


Nucieic Acips—CHEMICAL COMPOSITION AND STRUCTURE 


Chargaff’s witty and penetrating skepticism served to illuminate 
many facets of this particular topic, to warn all workers of the danger 
of elevating theory into dogma, no matter how elegant the theory, 
and to caution against the glib applieation of language and concepts 
appropriate to one level to phenomena on an entirely different level 
of organization. 

His remarks summarized certain salient regularities in the composi- 
tion of nucleic acids. One of these is the limited number of purine and 
pyrimidine bases to be found in them. RNA (or PNA, pentose nucleic 
acid) is limited to adenine, guanine, cytosine, and uracil. DNA is not 
so strictly limited to adenine, guanine, cytosine, and thymine; for in 
plants to a considerable extent and in animals to a lesser degree, 
cytosine may be in part replaced by 5-methyl cytosine. This pyrimidine 
does not occur at all in microorganisms, but 5-hydroxymethy] cytosine 
occurs in the DNA of some of the coliphages. In a thymineless mutant 
of EL. coli grown on medium lacking thymine, 6-N-methyladenine can be 
incorporated in its place; but that may not occur under usual cir- 
cumstances. 

In comparing the polynucleotides with polypeptides, Chargaff said 
one ought never to forget a certain fundamental difference between 
them. To insert a different amino acid in a polypeptide one must break 
peptide linkages, but the substitution of purine or pyrimidine bases in 
a polynucleotide would require only the cleavage of a glycosidie bond 
and would not affect the sugar-phosphate backbone of the structure. 
The definitive structure of DNA is by no means certain, even as 
respects the 5’:3’ phosphate bridges, or the presence of a terminal 
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phosphate group. Nor is there really critical evidence that the sugar 
in DNA is always deoxyribose. The regularities applicable to all DNA 
are as follows (using A, G, C, T, and U for adenine, guanine, cytosine, 
thymine, and uracil respectively; 6-Am for the nucleotides with an 
amino group in position 6, namely, adenylic and cytidylic acids; and 
6-K for the nucleotides with a 6-oxy group, namely, guanylic and 
thymidylic or uridylie acids): 

fais T 

iii, GC 

(c) A+ G = CHT, and 

(d) A+ C == G-+T, or in other words 6-Am — 6-K 

On the other hand, the ratio of A + T : G+ C varies from 0.4 to 1.9. 


In the pentose nucleic acids only one of these regularities holds 
good, namely, A + C=G + U, or 6-Am — 6-K; and even this does 
not apply to certain plant viruses. This basic property of all the nucleic 
acids has recently led Elson and Chargaff to speculate that the most 
satisfactory model to fit the facts would consist of two polynucleotide 
chains bonded to a polypeptide chain, by means of hydrogen bonds 
between the peptide carbonyl groups and the 6-amino groups of 
adenine or cytosine, and between the peptide amino groups and the 
6-keto groups of guanine or uracil (or thymine). At any rate, the 
protein moiety of nucleoproteins ought not to be lightly dismissed as 
inconsequential. 


Finally, Chargaff emphasized that “sequence cannot be the sole 
agent of biological information’—logically because that would be to 
neglect the third dimension which is of such general importance in bio- 
chemical relationships, and evidentially because of the ease with which 
transforming agents can be inactivated in a variety of ways. But in 
so far as sequence is concerned, Chargaff points to recent findings in his 
own laboratory that in both DNA and RNA the purine nucleotides 
tend to be next to purines and the pyrimidines next to pyrimidines 
more often than would be expected on a random basis. 


New Light on the Structure of DNA. 


The widespread attention which has been given to the Watson-Crick 
model of DNA structure, based on x-ray diffraction studies not only of 
DNA extracted from a wide variety of sources but also of intact DNA 
in sperm heads and in phages, makes it scarcely necessary to describe 
it in more than the very succinct terms which Crick used in the Sym- 
posium: “It consists of two polynucleotide chains running in opposite 
directions and twined round one another. The two chains are held 
together by hydrogen bonds between the bases, each base being joined 
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to a companion base on the other chain. This pairing of bases is specific, 
adenine going with thymine, and guanine with cytosine.” 

According to Wilkins, the structure of the B form of DNA, derived 
from the A form by stretching or swelling it, is now firmly established. 
The original Watson-Crick model presented too large a diameter, and 
an improved model has been constructed with a reasonable fit to the 
x-ray data. 

There is great difficulty, Crick stated, in reconciling with the data a 
paranemically coiled structure. Those who propose such a structure 
(Gamow; Linser) in order to obviate the difficulties of separating the 
coils after replication of the strands has taken place should realize 
that they are raising even greater difficulties with bond angles and 
distances than they hope to resolve. 

Chemical evidence in favor of the model is that already given by 
Chargaff. Replacement of cytosine by methyl cytosine or hydroxy- 
methyl cytosine creates no problem; but the incorporation of large 
amounts of 6-aminopurine will do so. A solution may lie in the possi- 
bility that incorporation of that compound in place of thymine might 
not be a replacement at random. Like 5-methyl cytosine, which for the 
most part replaces cytosine only when next to guanine, the 6-amino- 
purine may not replace thymine at random. The simplest way to 
account for this would be if it were not incorporated singly, but as an 
element of a dinucleotide, for example, attached to thymidylic acid. 


The physical-chemical evidence in favor of the double helix struc- 
ture of DNA comprises (1) the titration curve, which suggests that the 
bases do form hydrogen bonds within the structure; (2) the shape and 
size of the molecule, determined from light scattering, viscosity, and 
sedimentation data, and implying that the DNA molecule is extended in 
solution, although not quite straight, and has a diameter consonant 
with the model; and (3) the rates of inactivation by gamma rays, acid, 
or enzyme, which imply two strands that do not come apart until both 
strands are broken almost opposite one another. The postulated base 
pairing is the only satisfactory one that allows all four bases to occur 
in each helix. It ought not to be supposed, however, that all the DNA 
must be in this form, although a substantial part of it must be to yield 
the x-ray diffraction pictures. Moreover, the chains are probably 
folded at intervals in the living state. 


Criticizing various schemes that have been offered with the desire 
of relating the double helical structure of DNA to replication and fune- 
tion, Crick himself holds it obvious that the sequence of bases could 
best express itself as an information code by means of the patterns of 
sites for hydrogen bonding presented by the structure. 
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The work of Wilkins and his coworkers has begun to throw light on 
the structure of nucleoproteins. In nucleoprotamine, it seems, the pro- 
tamine chain is wound helically around the DNA structure in the 
smaller of the two grooves between the polynucleotide chains. This 
might suggest Chargaff’s speculative model, but Crick would connect 
the positively charged basic groups of the protamine chain alternately 
up and down to the negatively charged phosphate groups of the DNA 
backbone. To get around the difficulty that there would not be enough 
basic side-chains on the protamine (the ratio of arginine to phosphate 
groups is 1:1 and only 74 of the protamine side-chains are basic), it is 
suggested that the protamine chain is folded whenever non-polar 
amino acids occur, as they sometimes do, in pairs. The work on nucleo- 
histone has progressed only to the point of showing that the DNA struc- 
ture is present in characteristic form, and that there is some large 
repeating unit in it. 

To the evidence of chemical heterogeneity in DNA Butler and 
Shooter add evidence of physical heterogeneity. In a single specimen a 
very wide range of sedimentation constants has been observed, the 
range of which, however, depends on the preparative methods em- 
ployed. The implication that there is considerable variety in the shapes 
or weights of the DNA particles cannot at present be clarified, although 
the formation of aggregates, or the formation of protein bridges between 
DNA molecules, or varying degrees of degradation might be involved. 
Schachman and Doty each find evidence that the polydispersity of 
DNA is related more to variation in weight than in shape, but the 
latter is not excluded. Schachman also reported that DNA isolated 
from phage is more homogeneous than that obtained from calf thymus, 
as well as being much larger (molecular weight of 25 < 10° compared 
to 6 or 7 X 10°). Monty described evidence to support the view that 
protein bridges are of considerable importance. The DNA studied is 
actually in the form of a deoxyribonucleoprotein, the protein being a 
lipoprotein and not a_ histone. Mitochondria possess a hydrolytic 
enzyme system (probably DNAase I, according to Dounce), of great 
activity in breaking down the DNA-protein configuration. Some of 
the products of this hydrolysis are neither free peptides nor free nucleo- 
tides, but are units probably containing the original bond-points 
between the DNA and the protein. The bond is labile to heat in the 
presence of dilute acid or alkali, and thus may be a phosphoamide bond. 


The Structure of RNA and Synthetic Polyribonucleotides. 


The x-ray diffraction picture of RNA looks suggestively like that of 
DNA, except for poorness in quality. The work was discouraging, 
however, as Watson and Rich each reported, until the synthetic poly- 
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ribonucleotides of Ochoa became available. The x-ray diagrams of 
poly-AU and poly-AGUC are identical to those obtained from natural 
RNA, and even those from mono-polymers (poly-A and poly-C) are 
similar and indicate highly ordered structures. Poly-G has not yet 
been obtained. 

The evidence suggests a helical molecule with nucleotides spaced at 
3.754 and a fiber axis repeat of 15A, or every four nucleotides. The size 
of the unit crystallographic cell indicates that more than one poly- 
nucleotide chain is present. Since three chains would require a density 
obviously greater than that measured, it is concluded that there are 
two chains. A satisfactory model has been made (for poly-A) with two 
intertwined chains, the sugar-phosphate backbones on the outside and 
the bases pointing toward the central axis and held together by hydro- 
gen bonds, as in the now famous DNA model. The molecule, according 
to this model, would have a diameter of about 8A. 

Watson expresses the belief that the RNA molecule is very similar to 
that of the artificial poly-A, for the following reasons: (1) fibers of 
both are negatively birefringent; (2) similar systematic meridional 
absences in the diffraction photographs imply a similar helical arrange- 
ment; (3) in both, the first obvious layer is at 15A, and both patterns 
reveal a prominent non-meridional reflection about 45° from the 
meridian; and (4) both patterns show a strong reflection on or near 
the equator in the 5A region. The two patterns clearly differ only in 
the fact that the RNA pattern has strong meridional reflections at 3.34 
and 3.8A, whereas poly-A has only the one, at 3.75A. Significantly 
enough, Poly-C, according to Rich, has the 3.3A meridional and 5A 
equatorial reflections. If evidence is thus growing to indicate a strue- 
ture for RNA very nearly parallel to that of DNA, nevertheless, as 
Watson points out, the RNA structure would have difficulty in forming 
hydrogen bonds with regularity, and the similarity may rest mainly 
upon the tendency of the sugar-phosphate backbones to coil together as 
in DNA. 

Rich has added information in respect to poly-U and the reaction 
mixture of poly-A and poly-U. Unlike the fibers of poly-A or poly-AU, 
which are negatively birefringent, poly-U fibers are not birefringent. 
The x-ray diffraction pattern is amorphous and gives no sign of a 
repetitive structural organization. As already mentioned, the diffrac- 
tion pattern of poly-AU, made when adenosine and uridine disphos- 
phates are polymerized together, is very like that of natural RNA. 
On the contrary, when poly-adenylic acid and poly-uridylie acid are 
first made and then mixed in solution, the poly-A + poly-U_ spon- 
taneously forms a two-stranded helix similar to DNA. Upon mixing, 
the viscosity increases rapidly and very long, tough, strongly negative 
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birefringent fibers appear. If vigorously stretched, the sign of bire- 
fringence becomes positive, as is true of DNA and RNA fibers. The 
x-ray diffraction pattern varies with humidity, the helical pitch chang- 
ing from 32A at low relative humidity to over 36A at 100% humidity. 
The number of residues per turn is about ten. Although in these respects 
like DNA, the first layer line, here so strong, is weak in the DNA 
pattern. This is most simply explained by assuming that in poly-A + 
poly-U the backbone chains are parallel instead of anti-parallel as in 
DNA, and that consequently an additional hydrogen bond can be 
formed, between the hydroxyl group on ribose carbon 2 and the 
oxygen of the opposite phosphate group. Alternatively, the chains may 
be anti-parallel as in DNA, but the molecule larger in diameter. 

A particularly pregnant comment is that made by Rich on the sig- 
nificance of this evidence that the extra hydroxyl group of ribose, as 
contrasted with deoxyribose, obviously does not prevent the molecule 
from assuming a configuration like that of DNA. Hence RNA may well 
be able to duplicate itself by a mechanism identical to that of DNA— 
whatever that may be. 

D’Arcy Thompson would indeed have been delighted at this growing 
recognition of the biological importance of helices, on the molecular 
as well as the chromosomal and grosser morphological levels. Barbara 
Low has pointed out in the Symposium that helical structures have 
been discovered not only in DNA—and now in RNA—but also in 
keratin, collagen, polyglycine, and some polypeptides of synthetic 
origin. In all such structures the repeat unit of the backbone must be 
precisely structurally equivalent, whereas the side-chain residues vary. 
But where in polynucleotide helices the stabilizing hydrogen bonds link 
the opposed nucleotides of the two backbone chains, in collagen and 
other polypeptides the hydrogen bonds link separate amino acid resi- 
dues of a single chain, the configuration of which is determined by the 
steric relations of certain side-chains, arranged in an ordered and re- 
peating sequence. 

The a-helix is the most stable backbone-chain configuration. Its 
stability and regularity may be disrupted by prolyl residues, which 
cannot be fitted into the smooth sequence of the helix; or by cystine 
disulfide cross-linkages. An example of the latter phenomenon is to 
be seen in keratin, whose individual a-helices are themselves coiled 
together into a ropelike structure. The individual chains are held to 
one another by cystine disulfide linkages. If these were disposed at 
random, the change to the stretched @-configuration could not take 
place without rupture of the -S-S- linkages, and of this there is no 
evidence. It would seem, therefore, that the cystine disulfide linkages 
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must be relegated to certain non-oriented portions interpolated in the 
helical peptide chain. 

There is even evidence of a helical structure in some of the globular 
proteins of relatively low molecular weight, including insulin and 
possibly hemoglobin and ribonuclease. Polypeptide chains in the 
a-helix configuration and 25 to 30A in length seem to be closely packed 
in cylindrical array, but with certain irregularities. For example, in 
insulin the distances between —SH groups on the pentapeptide resi- 
dues 6 to 11 of the A chain are so far apart as necessarily to make the 
disulfide intrachain bond interfere with the formation of a continuous 
hehx in this portion of the molecule, although the terminal portions 
of the A chain and the entire B chain may be coiled in an e-helix. 

There is at present little or no way of relating the helical struc- 
ture of such molecules as DNA, collagen, or keratin, or the helical por- 
tions of globular proteins, to the functions of these substances. We 
are still a long way from bridging the gap between the double helix of 
a DNA molecule and the functional unit of the genetic material in a 
chromosome or virus. Indeed, the latter may involve several helical 
units of DNA and maybe protein as well. Assuredly, there must be a 
close relation between the structure of the collagen molecule and the 
function of collagen in providing architectural support and some 
mechanical flexibility. But the functioning depends not only on the 
stereochemistry of the individual helical unit but also on the way in 
which these are packed together. Until the latter is known in detail, 
the precise role of the former must remain uncertain. Much the same 
may be said of keratin, with the additional limitation that appreciable 
regions of non-helical structure exist in this molecule, that the o-helix 
depends for its maintenance on the interchain disulfide bonds, and is 
not completely defined. While the a-helices provide the necessary 
mechanical stability, here again the way in which they are joined and 
packed together is essential to the picture. As Barbara Low graphically 
puts it, “The properties of a woven fabric depend both on the fiber 
used and on the weave,” 

In globular proteins the loss of a specific intramolecular configura- 
tion entails a loss of the protein’s biological specificity, probably be- 
cause reactive sites or groups on the molecule become altered or 
inaccessible. Denaturation occurs when covalent bonds or even an 
extensive number of hydrogen bonds are broken. A molecule that had 
been wholly or partially “opened up” might thereafter either refold 
into the original or into some new configuration, but would more 
probably interact with other molecules to form an aggregate. Intra- 
molecular disulfide linkages protect against such denaturing influences 
and might be expected to increase the likelihood of refolding, and hence 
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of reactivation, rather than aggregation, which denotes a permanent 
loss of biological function. Inasmuch as the a-helix provides the most 
stable backbone structure known, it may be supposed that if such 
coiled regions do exist in globular proteins they contribute significantly 
to its over-all stability. One may speculate, according to Barbara Low, 
that inasmuch as the globular protein has its reactive sites at the 
molecular surface, its internal structure is important chiefly in pro- 
viding stability for the molecule as a whole, and in this provision 
a-helices may contribute very largely to the maintenance of configura- 
tion at the active sites. 


Synthesis of Nucleotides and Nucleic Acids. 


The reports of Ochoa on the successful synthesis of polyribonucleo- 
tides and of Kornberg on that of polydeoxyribonucleotides aroused the 
highest enthusiasm among the participants in the Symposium. Clearly 
these advances bring within reach not only the artificial synthesis of 
hereditary materials but open up breathtaking vistas down which one 
may glimpse the controlled synthesis of proteins and a full understand- 
ing of the mechanisms of genetics and enzymatic control over meta- 
bolism and growth. A major “breakthrough” has undoubtedly been 
achieved, perhaps the greatest in biochemistry since Edouard Buchner 
established the nature of enzymes. 

As Kornberg pointed out in his comprehensive review of both nucleo- 
tide and polynucleotide synthesis, the steps to the successful synthesis 
of the latter first involved an understanding of the participation of 
ribose phosphates and purine and pyrimidine nucleotides, and their 
respective pathways of synthesis. Ribose-5-phosphate is the key pen- 
tose in these reactions. It can be formed in at least four ways, but the 
direct oxidative pathway from glucose-6-phosphate via ribulose-5- 
phosphate, and the anaerobic pathway from glucose-6-phosphate via 
fructose-6-phosphate are the principal competing routes. From ribose- 
5-phosphate comes, by means of the donation of a pyrophosphate group 
from ATP, the newly discovered activated sugar phosphoribosylpyro- 
phosphate (PRPP), which is of widespread occurrence. It is able to 
react with pyrimidines or purines to form nucleotides directly; or it 
can react with glutamine to form 5-phosphoribosylamine, which is the 
ribotide precursor of purine nucleotides. ee , 

The synthesis of purine and pyrimidine nucleotides differs in a major 
respect. The pathway of purine nucleotide synthesis is commonly de 
novo, starting from ammonia, phosphate, and simple carbon sources, 
and not involving free purines or nucleosides. The latter may be 
utilized in some organisms in a “salvage” operation, but that use 1s 
secondary in significance compared to the pathway worked out by 
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Buchanan and by Greenberg and their coworkers, and reported in 
previous MecCollum-Pratt Symposia. On the other hand, pyrimidine 
nucleotide synthesis proceeds principally via a free base, orotic acid, 
which is derived from aspartic acid to begin with and is converted by 
reaction with phosphoribosylpyrophosphate to a nucleotide that is in 
turn converted into uridine-5’-phosphate. Uracil itself is utilized in 
such organisms as Lactobacillus in salvage operations, i.e., it is derived 
most probably from the enzymatic hydrolysis of RNA. ee 

Nucleotides are notoriously inert when it comes to participation in 
the synthesis of polynucleotides or coenzymes. Studies on the synthesis 
of coenzymes already led some years ago (see McCollum-Pratt Sym- 
posium on Phosphorus Metabolism, Vol. I) to the expectation that the 
diphosphate and triphosphate nucleoside forms are the active pre- 
cursors of polynucleotides. Further work on uridine triphosphate 
(UTP) led to the discovery by Kornberg’s group of a liver enzyme that 
phosphorylates uridylic acid (UMP) to the triphosphate level by the 
transfer of a pyrophosphate group from ATP, and later of an enzyme 
in yeast that transphosphorylates adenosine, guanosine, and uridine 
nucleosides. The several reactions may be summarized in the general 
form: 

nucleoside-P + nucleoside-PPP = nucleoside-PP + nucleoside-PP 

2 nucleoside-PP = nucleoside-P -+ nucleoside-PPP. 

2 nucleoside-PP = nucleoside-P + nucleoside-PPP. 
Other groups likewise demonstrated the existence of enzymes that 
transfer phosphate from ATP to GMP, UMP, or CMP, and from 
ADP to GDP, UDP, CDP, or IDP (see below for abbreviations). 

Last year Ochoa’s group galvanized biochemists and geneticists alike 
with the report that there had been isolated from the microorganism 
Azotobacter vinelandii and partially purified an enzyme which ecat- 
alyzes the synthesis of highly polymerized ribonucleotides from 5/- 
nucleoside diphosphates, with release of inorganic phosphate. The 
enzyme has been named polynucleotide phosphorylase, and is already 
known to be widely distributed among bacteria, e.g., in E. coli and 
Micrococcus lysodeikticus. The reaction was shown to be reversible, 
and the linkages in the artificial] polyribonucleotides formed were found 
to be 3’-5’ phosphoribose ester bonds just as in natural RNA. Thermo- 
dynamically, the reaction utilizes the energy of the pyrophosphate bond 
in the 5’-nucleoside diphosphates to form the diester bonds of the 
polynucleotide chain. The equilibrium favors the formation of the 
polynucleotide, but not very strongly. 

Polymers composed Wholly of a single kind of unit have been formed 
from adenosine (A), inosine (I), guanosine (G), uridine (U), and eyto- 
sine (C) diphosphates, respectively ; and two mixed polymers have also 
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been made, one from ADP and UDP in equimolar proportions, and the 
other from ADP, GDP, UDP, and CDP in molar proportions of 
1: 0.5: 1: 1. The former is termed the AU polymer; the latter, the 
AGUC polymer. 

The existence of enzymes that utilize 5’-diphosphates in the synthesis 
of polyribonucleotides led to a prompt search for the occurrence of the 
precursors within living cells. Potter and his colleagues were able to 
find not only the diphosphates, but also monophosphates and tri- 
phosphates of guanosine, uridine, and cytosine, in addition to the previ- 
ously known ones of adenosine. 

The synthetic polyribonucleotides terminate with a phosphate ester 
in the 5’-linkage. Action on the synthetic forms by enzymes that split 
natural RNA, e.g., snake venom phosphodiesterase, spleen phosphodi- 
esterase, and pancreatic ribonuclease, is strictly analogous to the action 
on RNA. For example, the last-named of the three enzymes, which 
cleaves only pyrimidine nucleoside phosphodiester bonds distal to the 
3’-linkage, will not split the poly-A synthetic compound at all, but 
cleaves the U, C, AU, and AGUC polymers as would be expected, viz., 
complete digestion of the poly-U ribonucleotide releases 3’-UMP. 

By preparing the AU polymer with P??-labeled ADP and unlabeled 
UDP and then digesting the synthetic polyribonucleotide with pan- 
creatic ribonuclease or hydrolyzing it with alkali, it proved possible 
for Ochoa and his coworkers to determine the frequency with which 
various nucleotide sequences occur in the polymer. Of the adenylic acid 
residues in the polynucleotide, 53 per cent were preceded by uridylic 
acid. The distribution appears to be almost random. Thus, given 
sequences such as UU, UAU, UAAU, and UAAAU appear to be fol- 
lowed about equally often by either A or U. The average length of U 
sequences was 2.35, of A sequences 2.0. 

When natural RNA is exhaustively digested with ribonuclease and 
then dialyzed against distilled water, a non-dialyzable core composed 
largely of purine nucleotides is left. The artificial polymer AGUC, 
when similarly treated, yields a similar core amounting to about 20 per 
cent of the total nucleotides. In the first poly-AGUC ribonucleotide 
made, the proportion of guanyliec acid, in relation to the three other 
nucleotides, was about half that of natural RNA from Azotobacter, as 
might be expected from the molar proportions of 1: 0.5: 1: 1 which 
were used in the mixture of precursors. Later an equimolar proportion 
was used for preparing a second artificial RNA, and in this case the 
proportions of adenylie and guanylic acids were identical with those 
occurring in natural Azotobacter RNA (10 : 13), although there was a 
deficiency of uridylic acid (4.2 instead of 7.3) and an excess of cytidylic 
acid (11.1 instead of 9) over the expected proportions, This departure 


818 THE CHEMICAL BASIS OF HEREDITY 


from the ideal result was attributed to the use of crude enzyme in the 
preparation, and the hope was expressed by Ochoa that use of the 
isolated pure enzyme would enable his group to prepare a poly- 
ribonucleotide identical with natural RNA in the proportions of its 
component nucleotides. 

The forms of RNA isolated from Staphylococcus aureus, Mycobac- 
terium phlei, and Alcaligenes fecalis, organisms which are rich in poly- 
nucleotide phosphorylase, differ significantly in some respects in the 
relative abundance of the four nucleotides. Thus it may be possible, by 
using the polynucleotide phosphorylases from different organisms, to 
construct artificial RNA’s differing characteristically in composition. 

The molecular weights of the synthetic polyribonucleotides fall into 
the range of molecular weights exhibited by natural RNA from various 
sources. Values calculated from sedimentation data cluster around 
7 X 10%, while those calculated from light-scattering data are higher 
(1.48 X 10° to 1.86 10°). The molecular weights of the AGUC poly- 
mer and of natural Azotobacter RNA derived from the same kind of 
data (sedimentation) are the same, 7 * 10¢ and 6 10*, respectively. 

Average chain-lengths, as determined by end-group assays, yield 
far lower estimates of molecular weight. Thus, poly-AGUC was found 
to have an average chain-length of only 30 residues. But this is again 
in harmony with the values for natural RNA, e.g., yeast and turnip 
yellow mosaic virus RNA were found to have 12 and 53 residues, 
respectively, or molecular weights of 4000 and 16,000. These values, 
so much below those obtained from the physical measurements, are 
thought to be evidence that the weights obtained from the latter are 
the result of an aggregation of polynucleotide chains. 

Is polynucleotide phosphorylase responsible for the synthesis of 
RNA within the living cell? To this question the answer remains some- 
what doubtful, because of the low affinity of the enzyme for the 5’- 
diphosphate substrates. “One would have to assume,” say Ochoa and 
Heppel, “that high local concentrations of nucleoside diphosphates 
might be available to the phosphorylase in the cell.” 

Many questions remain to be answered regarding the action and the 
role of polynucleotide phosphorylase. As to the reaction mechanism, 
for instance, does the enzyme require a nucleotide chain as a primer 
of the reaction to start with, or can it commence to form the poly- 
nucleotide simply with two nucleotide diphosphate molecules? Another 
important question to be answered, especially important in view of the 
enzyme’s considerable lack of specificity, is whether the enzyme is 
actually a single entity or a mixture of enzymes. That the latter may 
ne ae case : possibly indicated by the failure of purified enzyme from 

- cou or M. lysodeikticus to act on GDP as sole substrate. The 
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Azotobacter enzyme will do so, but only with difficulty, and utilizes it 
freely only when other nucleoside diphosphates are present. On the 
other hand, when several diphosphates are present together they com- 
pete with one another, and that fact argues for a single enzyme, and 
competition between the diphosphates for a single reactive site. 

As for nucleotide sequence, which seems so essential to the specificity 
of different RNA’s, there is still no clue to suggest how it is determined. 
It is hard to see how different sequences could be produced unless there 
are different RNA-synthesizing enzymes for each distinct kind of 
RNA; or alternatively, unless the specificity does not reside in the 
enzyme at all, but results from the performance of each existing sort of 
RNA as a template for the synthesis of the new polynucleotides. The 
generality of polynucleotide phosphorylase has by no means been 
established. Although it occurs widely in bacteria, and is also to be 
found in yeast, yet its presence in the higher plants in significant 
quantity is still uncertain; and the possibility of its presence in animal 
tissues is indicated only by the incorporation of AMP into RNA of 
pigeon liver and rat liver homogenates. 

Further studies on this incorporation of labeled AMP into RNA in 
rat liver preparations were reported to the Symposium by Potter and 
his coworkers. An optimum balance must be maintained in the system 
between too little and too much ATP, for some ATP is required for the 
generation of the diphosphates, but too much ATP leads to phos- 
phorylation of the end groups of the RNA chain and consequently puts 
an end to further lengthening. When microsomal RNA was labeled 
with orotic acid-6-C1* in a homogenate system free of both nuclei and 
whole cells, and the labeled RNA was then added to a fresh unlabeled 
system, delabeling at once began. But when RNA was similarly labeled 
in the whole animal and then taken out, the microsomal RNA was not 
delabeled under the same conditions. This contrast demonstrates that 
the terminal nucleosides may undergo exchange but that nucleotides 
away from the end positions do not. Further experiments with tissue 
slices from animals killed at varying times after the injection of the 
labeled orotic acid seem to show that in the presence of nuclei the 
neorporation of orotic acid into RNA comes to a halt long before 
che time when its incorporation into RNA, in a nucleus-free homogenate, 
vould be diminished. The meaning of this nuclear control over the 
umount of labeling of pyrimidine nucleotides in RNA is not yet 
inderstood. 

In spite of considerable search, no sign has yet been found of any 
leoxyribose analogue of PRPP. It therefore seems unlikely that 
leoxynucleotide synthesis depends on a pyrophosphory! derivative of 
leoxyribose-5-phosphate. Deoxynucleosides, however, may be formed 
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in bacteria and in animal tissues in a variety of ways. Both purine and 
pyrimidine deoxynucleoside phosphorylases occur, and will produce the 
nucleosides by coupling the bases and deoxyribose-1-phosphate. More- 
over, in a number of bacterial species there is a deoxynucleoside trans- 
elycosidase that exchanges free purine or pyrimidine bases with those 
in deoxynucleosides without phosphorolysis or hydrolysis. T he deoxy- 
nucleotides, formerly known only as products of DNA degradation, 
have now entered the realm of synthesis. Once Friedkin and others 
had shown that thymidine and deoxycytidine are incorporated into 
DNA, Kornberg and his coworkers found that in £. coli there is an 
enzyme capable of producing thymidine-5’-phosphate from thymidine 
and ATP. Thymidine di- and tri-phosphates are also formed, and the 
same enzyme phosphorylates deoxyuridine at a rate about one-third 
that of thymidine. Yet this nucleoside kinase is regarded by Kornberg 
as lying aside from the main route of deoxynucleotide synthesis, and 
as probably involved only in salvage. 

A more significant pathway for the synthesis of thymidine-5’-phos- 
phate was reported by Friedkin and Kornberg. Deoxyuridine-5’-phos- 
phate will react, in the presence of an E. coli enzyme, either with serine 
or with hydroxymethyl] tetrahydrofolic acid to form the thymidine 
nucleotide. Moreover, the #. coli enzyme that rapidly converts thy- 
midine-5’-phosphate to the triphosphate (TTP) fails to carry out the 
parallel conversion of deoxyuridylic acid to deoxyuridine triphosphate. 
The extremely interesting suggestion is therefore made that this 
specificity may explain why thymine, and not uracil, is a component 
of DNA. It would appear that the deoxyuridylic acid must be methy- 
lated before it can be converted into a triphosphate and thereupon 
incorporated into DNA. The £-carbon of serine is transferred to 
tetrahydrofolic acid—making hydroxymethyl THFA—which then acts 
as a methyl donor to the pyrimidine. The same £. coli kinase that uses 
ATP to convert thymidylic acid to the triphosphate can also produce 
the respective nucleoside triphosphates from deoxycytidylic, deoxy- 
adenylic, and deoxyguanylie acids. Only deoxyuridylic acid remains 
unaffected. These studies, which show that deoxyuridylic acid is 
methylated to form thymidylic acid, imply that the reduction of ribo- 
nucleotides to deoxyribonucleotides occurs as an- earlier step in the 
synthesis of DNA. 

By analogy with coenzyme synthesis, Kornberg arrived at the con- 
ception that the lengthening of a polynucleotide chain should oeeur by 
reaction with a nucleoside diphosphate or triphosphate. One mecha- 
nism would be that of additions of nucleotide units to the end of the 
polynucleotide chain terminating as a di- or tri-phosphate. In this 
case, Inorganic phosphate or pyrophosphate would be displaced. (An 
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alternative mechanism would be that of addition to the sugar end of 
the chain, with displacement of inorganic phosphate from ADP or of 
pyrophosphate from ATP.) While Kornberg was trying to use ribo- 
nucleoside triphosphates to synthesize polyribonucleotides, Grunberg- 
Manago and Ochoa demonstrated that it was the nucleoside diphos- 
phate rather than the triphosphate which was the active component of 
the system. Kornberg was then enabled to purify an enzyme from 
E. coli that synthesizes nucleoside diphosphates into a polynucleotide 
chain. (Beers has likewise accomplished this result with an enzyme 
from Micrococcus lysodeikticus.) Kornberg has also found that in the 
E. colt system an “activator” is capable of producing a fourfold in- 
crease. The activator is non-dialyzable but heat-stable, and is neither 
RNA nor DNA. 

Fractionation of the E. coli extracts permitted Kornberg and his co- 
workers to separate a number of enzymes that convert thymidine by 
steps (through thymidine-5’-phosphate, diphosphate, and triphosphate) 
to an acid-insoluble nucleic acid product which was part of a DNA or 
some closely related molecule. It was degraded by pancreatic deoxy- 
ribonuclease, but not much, if any, by ribonuclease, strong alkali, or 
weak acid. The purified system for the synthesis of this artificial DNA 
included TTP or TDP, ATP, a heat-stable DNA fraction regarded as 
a “primer,” and two enzyme fractions, each of which has been purified 
more than 100-fold. The deoxynucleoside-5’-triphosphates of adenine, 
guanine, and cytosine were prepared and tested in the same system. 
They too were incorporated into the synthesized DNA at rates compar- 
able to that of the TTP when the crude enzyme preparations were used, 
but at slower rates after the enzymes were highly purified. This fact 
may signify the presence of different enzymes for the several deoxy- 
ribonucleoside triphosphates. Mixtures of all four triphosphates 
showed better than additive rates of incorporation, so that polymeriza- 
tion is facilitated when all four are present. Even so, the “primer” was 
still necessary to obtain a maximal rate of synthesis. This “primer” 
upon analysis has proved to be composed of one fraction indistinguish- 
able from DNA itself, and another fraction composed of a mixture of 
deoxycytidylic, deoxyadenylic, and deoxyguanylic acids. Clearly, all 
four deoxyribonucleoside triphosphates are actually needed for the 
synthesis. “When this was seen to be true, the system could be consider- 
ably simplified. ATP was no longer needed, and one of the two enzymes 
could be dispensed with, since these were of value only to provide the 
missing triphosphates. Mg++ and DNA still proved to be essential. 

Ochoa and his coworkers have likewise found enzymes in A. vine- 
land that transfer phosphate from ATP (or ITP) to deoxyribose- 
nucleoside-5’-monophosphates. Deoxyadenosine and deoxycytidine 
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monophosphates are the most effective receivers of phosphate, thymi- 
dine monophosphate is a relatively poor one, and inosine triphosphate 
proved quite unable to convey phosphate to inosine monophosphate. 

Kornberg’s reaction is not readily reversible. With the simplified sys- 
tem, a net synthesis of DNA can be demonstrated, together with a 
release of inorganic pyrophosphate during the course of the reaction. 
Thymidine diphosphate could not effectively replace TTP—in other 
words, it is the deoxyribonucleoside triphosphates that are the immedi- 
ate precursors of DNA, in contrast to the direct utilization of the 
ribonucleoside diphosphates in the synthesis of the polyribonucleotides 
and RNA. 

With this achievement there now lies before us the dazzling prospect 
of synthesizing such units of heredity as a bacterial transforming factor 
or a.“‘gene” of tobacco mosaic virus. But to do this we must first learn 
the way to control the sequence of nucleotides in a polynucleotide 
chain. That will be the next great step in the artificial synthesis of 
genetic material. 

Seymour Cohen’s contribution to the Symposium dealt with the 
chemical structure of the DNA of the T-even bacterial viruses (T2, T4, 
T6), with the interrelationships of protein synthesis, DNA synthesis, 
and RNA synthesis in infected E. coli cells, and with the intermediary 
metabolism of the nucleic acids, especially in regard to certain thymine- 
requiring mutants in which nuclear and cytoplasmic synthesis appear 
to be experimentally separable. A significant feature is that when a 
bacterium is infected with one of these phages, enzyme synthesis on the 
part of the host cell stops. It therefore seems likely that somehow 
the virus genes themselves can multiply and the virus protein be 
synthesized without requiring any synthesis of specific enzymes. If all 
enzyme synthesis can be bypassed in the analysis of phage replication, 
the problem would no doubt be greatly simplified. 

When the now-famous phages exemplified by T2 infect a bacterium, 
the protein of the outer coat and of most of the tail, which is necessary 
for the phage’s adsorption to and penetration of the host cell, remains 
outside. Pure DNA, with some 3 per cent of the total phage protein, is 
injected into the host cell. The multiplication of the virus requires 
only this genetic charge; thus “DNA not only supplies the information 
essential to its own duplication but also that necessary to encase the 
DNA in the differentiated proteins of the outer coat and tail.” 

The total DNA of a phage particle amounts to 2 « 10716 g., of a 
molecular weight estimated by Schachman and Cohen from sedimenta- 
tion and viscosity data to be about 25,000,000. This value is higher 
than that obtained by most other workers. The isolated nucleic acids 
of three mutant pairs of T2, T4, and T6 were all found to possess the 
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same ratios of the four purine and pyrimidine bases. Wyatt and Cohen 
discovered a unique feature of these DNA’s—they contain, instead of 
cytosine, a new pyrimidine, 5-hydroxymethyl cytosine (HMC). Sue- 
cessive treatment with deoxyribonuclease and phosphatase was not able 
to release the HMC nucleoside. Since infection of E. coli with a T-even 
virus rapidly activates a bacterial deoxyribonuclease that degrades the 
bacterial DNA, it was apparent that the refractoriness of the HMC 
nucleotide to DNAase might be what protects the virus DNA from 
destruction while the host DNA is broken down. The molecular basis 
of the resistance of the viral DNA to deoxyribonuclease was discovered 
independently by Volkin and Sinsheimer. It resides in the presence of 
glucose on the hydroxymethyl group of HMC. This protective 
glucosylation was found to be complete in the DNA of T4rt+ but to 
involve only 77 per cent of the HMC nucleotides of T2r+. Correspond- 
ingly, as Streisinger and Weigle have found, the T4 stock has a high 
efficiency in producing plaques on certain host bacteria, while the T2 
stock has a lower efficiency. A vast majority, if not all, of the T2 
progeny of a T2 x T4 cross possess the high plating efficiency of 
the T4 parent. 

Cohen and his coworkers have consistently found that the r (host- 
range mutant) phages have more glucose than the r+ phages. In gen- 
eral, the resistance of the virus DNA to attack by DNAase is fairly well 
correlated with the glucose content. The new points thus established 
are that in the compulsion of a host bacterium to synthesize viral DNA, 
not only is it necessary for it to produce the right sequence of bases but 
also for it to determine whether or not glucose is to be added to the 
hydroxymethyl cytosine, as well as to choose between varieties of HMC 
nucleotides. Such choices are quite puzzling, in view of the fact that if 
glucose on the hydroxymethyl group of HMC prevents the action of 
phosphatase on the nucleotide phosphate bond, then the presence of 
phosphate ought, at the nucleotide level, to hinder the addition of glu- 
cose to the molecule. Or, conversely, the addition of glucose at the 
nucleoside level should hinder subsequent phosphorylation of the 
molecule. 

In an infected bacterium protein continues to be synthesized without 
interruption. The first protein made goes into phage to the extent of 
barely 10 per cent, later-made protein up to 50-60 per cent. Neverthe- 
less, the initial protein synthesis is also an essential part of phage 
production, for when it is inhibited by the amino acid analogue, 
5-methyl tryptophan, the phage (T2) does not grow and net DNA 
synthesis in the host is halted. Even when the action of the inhibitor is 
limited to the period following the initial phase of protein synthesis, the 
synthesis of phage DNA can proceed without further protein synthesis, 
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although eventually protein will be required to complete the formation 
of mature phage particles (Burton). Together with the finding of Stent 
and his collaborators that P?2-labeled cells infected with P*?-labeled 
virus and immediately after infection stored at —190°C. lose the ability 
to produce phage as a function of the radioactive decay, whereas 
similarly infected cells first allowed to commence phage development 
and then stored at the same temperature become independent of radio- 
active decay, this evidence raises the possibility that genetic specificity 
is transferred from DNA to protein, and seriously calls in question the 
validity of the Watson-Crick scheme of replication, in so far as viruses 
are concerned. 

A net synthesis of DNA in an infected: bacterial cell is observable 
only after a lag of 5 to 9 minutes. There is a reciprocal relation between 
the disappearance of cytosine from the bacterial DNA and the synthe- 
sis of viral 5-hydroxmethy] cytosine. Even in these experiments a 
requirement for protein synthesis prior to DNA synthesis might obtain. 

Although it was long thought that within infected cells there is no 
synthesis of RNA, it has now been demonstrated by Volkin and 
Astrachan that in T2-infected #. coli there is some incorporation of 
P%* from labeled inorganic phosphate into RNA, in spite of the lack 
of any net synthesis of the latter. According to their Symposium report, 
the results differ in peptone broth medium and synthetic medium, the 
incorporation coming to a rapid standstill in the former but continuing 
at a linear rate in the latter. What is more interesting, over short periods 
of time the incorporation of P®? into RNA equalled and even greatly 
exceeded that into DNA, and the analysis of the mononucleotides 
showed that there was significantly more (about 114 to 2 times as 
much) P*? in the adenylic and uridylic acids than in the cytidylie and 
guanylic acids (830A: 30U: 22G: 18C). It is proposed that the RNA 
synthesized is thus of a unique type, differing from the typical bac- 
terial RNA; and that the correspondence of the labeled RNA 
mononucleotides to the ratio of the bases in T2 DNA (32A: 32T: 18G: 
18C) implies that this RNA is a precursor of the phage DNA. Although 
the function of this RNA as a precursor of phage DNA is certainly not 
conclusively demonstrated at the moment, the possible intervention of 
RNA as well as protein as intermediates between infecting DNA and 
new DNA certainly casts some doubt on the simple picture of a 
direct DNA replication as a sufficient explanation of the increase in the 
genetic material. 

In considering the formation of the whole virus, Cohen emphasized 
the problems involved in getting the DNA inside the protein coat. The 
elegant experiments of Hershey and his coworkers have clearly shown, 
by virtue of the inhibition of protein synthesis with chloramphenicol, 
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that DNA synthesis can proceed to the extent of forming a very large 
pool of virus DNA without extensive protein synthesis to accompany it; 
and that subsequently the synthesis of the protein still permits the 
encasement of the DNA within its coat. How it is possible for DNA to 
get folded up and packed into the covering? Is there in fact at least 
a very thin protein covering over the DNA from the moment of its 
synthesis? 

Cohen also pointed to the possibility that the supposed metabolic 
inertness of DNA, deduced from its lack of apparent phosphorus turn- 
over, might be an illusion. A considerable activity of the nucleotides 
might occur if the same phosphorus atom is reused to make the phos- 
phodiester linkage after cleavage and exchange has occurred. 


In studying the intermediary metabolism of the nucleic acids in a 
phage-infected bacterium, the prime difficulty arises from the abundance 
of alternative pathways which are demonstrable in cell-free systems. 
At present it appears that whereas in normal growing cells deoxyribose 
is formed chiefly from ribose that is derived from glucose via the 
oxidative phosphogluconate pathway, in infected cells, on the contrary, 
deoxyribose is formed chiefly by way of a different pathway, although 
the precise nature of this path is still undefined. 


The discovery of hydroxymethyl cytosine in the DNA of the phage 
had led to the intriguing suggestion that it serves to entrap that pyri- 
midine, and that the consequent shortage of cytosine in the bacterial 
cell leads to its failure to produce its own DNA and RNA. This is 
borne out by the experimental fact that hydroxymethyl cytosine can- 
not serve as a substitute for cytosine in the nutrition of pyrimidine- 
requiring mutants of #. coli. It would necessarily follow that in a nor- 
mal bacterial cell the formation of HMC must be suppressed. Another 
striking difference between the metabolic activity of the normal bac- 
terium and the infected one is that in the normal cell thymine and 
thymidine are not utilized significantly, but in the synthesis of viral 
DNA in the infected cell thymidine is utilized, so that reactions at the 
nucleoside level, probably the methylation of precursor to thymine and 
the hydroxymethylation of deoxcytidine, must be of importance. 


The study of Barner and Cohen of pyrimidine synthesis in infected 
cells has led to the isolation of 5-methyl deoxycytidine, which is 
deaminated to yield thymidine by the deoxycytidine deaminase of 
E. coli, and at an even faster rate than the deamination of deoxycyti- 
dine itself by the same enzyme. The postulated steps in the formation 
of the deoxyribosides of hydroxymethyl cytosine and thymine in the 
synthesis of viral DNA are shown in Fig. 2. Several dihydrouracil and 
dihydrocytosine derivatives have been synthesized, but seem to lack 
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Fic. 2. Postulated steps in the formation of HMC and thymine deoxyribosides. 
(From Cohen.) 


biological activity. Cohen remains optimistic about the possible fune- 
tioning of dihydro-hydroxymethy] derivatives as intermediates. 
Cohen and his coworkers have been intensively studying the synthe- 
sis of nucleic acid in a thymine-requiring mutant strain of E. coli 
(15;—). Infection of this strain with phage T2 restores its blocked 
thymine synthesis. Cultures may be synchronized in division by taking 
them off thymine for an initial period, during which DNA stops increas- 
ing but RNA and protein continue to be synthesized, and by then 
restoring thymine so that DNA synthesis is instantaneously resumed. 
In such cultures, it is apparent that DNA synthesis (but not RNA 
synthesis) is cyclic, stopping during actual cell division and resuming 
between divisions. In the case of a double mutant which also requires 
phenylalanine, protein synthesis and DNA synthesis can be separated. 
When thymine alone is supplied, only DNA synthesis occurs. When 
phenylalanine alone is supplied, no DNA is made, but RNA and pro- 
tein increase almost as much as when both thymine and phenylalanine 
are supplied to the double mutant. The synthesis of RNA when 
phenylalanine alone is supplied is always greater than that of protein. 
Folic acid deficiency, brought about by sulfanilamide or a folie 
acid analogue, will bring about a failure to synthesize thymine even 
in bacteria normally capable of this (E. coli B). The folie acid defici- 
ency may be counteracted by a mixture of such compounds as thymine, 
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methionine, histidine, or pantothenate, which are donors of essential 
one-carbon pieces. Omission from this mixture of particular com- 
pounds (with the exception of thymine) produces the typical bac- 
teriostatic effect of sulfanilamide. When thymine is omitted, the effect 
is bactericidal instead, and the bacteria are unable after a period of 
unbalanced growth to resume normal division. Cohen has found that 
in the thymine-requiring mutant strain, bromouracil and thymine at 
more than a 3:1 ratio inhibit multiplication of the organisms after a 
single division, whereas bromouracil alone somewhat reduces the killing 
effect of a lack of thymine. In the former case, long filaments are pro- 
duced, and it seems that some abnormal, pathological sort of DNA must 
be formed. At the nucleoside level bromouracil deoxyriboside is more 
lethal than bromouracil, a fact from which it may be inferred that in 
the mutant strain thymine is converted to thymidine before the 
nucleotide is formed. In other strains of EZ. coli, which do not incorpo- 
rate iree thymine into DNA, bromouracil deoxyriboside is without 
effect even in large amounts. An alternative pathway to the normal 
one must, then, exist for the synthesis of the thymine nucleotides in the 
thymine-requiring mutant, as in the infected cell synthesizing viral 
DNA (see above). 

It is very interesting that the lethal effects produced by treatment 
with ultraviolet light, nitrogen mustards, or penicillin alike form a 
pathological pattern similar to that which results from a thymine 
deficiency. These agents may be suspected of resembling one another 
in that each blocks DNA synthesis at some point and so produces an 
unbalanced growth that ends in death. 

Mutation, too, must be related to DNA synthesis if the mutations 
are, a8 some suppose, errors in the duplication process. Although the 
fact that mutations cannot be induced in isolated, inert virus prepara- 
tions fits this view, the occurrence of both spontaneous and induced 
mutations in non-dividing cells is more difficult to explain on this basis. 
The evidence presented by Cohen and others that the genetic material 
is not necessarily inert in non-dividing cells—which may be growing 
or exchanging thymine with the medium—may be taken to strengthen 
the view that mutation consists in an error in duplication. It would 
follow that agents which inhibit the synthesis of DNA, and of thymine 
particularly, should be anti-mutagenic. Cohen and Barner, however, 
have observed in the thymine-requiring strain growing on a thymine- 
deficient medium mass-mutations, especially of the “leaky” type, to 
thymine independence. Cohen asks whether a thymine deficiency may 
itself be mutagenic. Possibly our anticipated power to produce specific 
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mutations may unfold as we learn how, by means of nutritional tech- 
niques and metabolic reactions, to influence the structure or biosynthe- 
sis of DNA. 


THE MECHANISM OF DUPLICATION 


The replication of DNA—assuming the correctness of the Watson- 
Crick model of two helices wound around one another (i.e., plectonem- 
ically coiled) and in many turns—presents a grave topological difficulty 
to which much thought has been given. Stent points out that the 
“winding number” of such a duplex helix (ie., the number of 
complete rotations made by a vector connecting two points at the 
same level in the opposite chains) is invariant no matter what distor- 
tion of the chains occurs, provided the ends be fixed. The winding 
number for DNA would be 150 per million molecular weight, or 900 for 
a molecular weight of 6 million, and 2750 for one of 25 million. So long 
as the winding number is greater than zero, the braid composed of the 
two interwound chains cannot be separated by combining them, but can 
be separated only if breaks occur. Even if a daughter duplex is formed 
on the parent double-helix without any separation of the strands of the 
latter, the topological difficulty still remains. It would be impossible to 
separate the parent from the daughter duplex without breaking them. 
The possibility that the duplex consists of short sections of alternating 
positive and negative winding numbers has been ruled out because 
stereochemically it seems impossible to construct a model with left- 
handed helices. The possibility that short sections of DNA alternate 
with short sections of non-DNA material wound in a complementary 
fashion is ruled out by the chemical evidence. And the possibility 
that the winding number is really zero (1.e., a paranemie coiling, as of 
two separate coils simply pushed into one another) is ruled out by the 
x-ray diffraction data. 

It seems mechanically almost inconceivable that the strands eould 
become separated by being pulled lengthwise in opposite directions. 
Other suggestions which have been offered are as follows: (1) the 
chains may separate by unwinding; (2) they may separate by enzy- 
matic digestion; or (3) they may separate by breaks and reunions. 
The first method was thought to require too much energy until a recent 
study by Levinthal and Crane showed that the rotation required—one 
complete rotation for each turn to be unwound—actually would re- 
quire only about 150 calories per mole of replicated chain link, or far 
less than the total energy required for the formation of the phosphate 
diester linkages of the polynucleotide chain. If the duplex rotates like 
a speedometer cable, without flopping, and if the untwisting proceeds 
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pari passu with the replication itself , the Y-shaped configuration which 
would result would rotate as a whole in a clockwise direction. [An 
untwisting scheme conceived by Platt is even less simple.] The second 
method has not been worked out elaborately. According to an idea of 
Watson’s, one chain of the parent duplex might be digested away, 
the remaining one then serving as a template for the formation of 
numerous single, either identical or complementary, replicas not inter- 
wound with the parent chain and readily separable from it. These in 
turn might synthesize complementary chains that would mature into 
“resting” duplexes. The break and reunion solution of the problem has 
been considered by Delbriick, who suggests that the breaks and rejoins 
occur pari passu with replication, in such a way that the broken termi- 
nal of each parent chain rejoins with the end of the daughter replica 
of corresponding polarity. The result would be that every chain would 
consist of short segments of old and new material in alternation. 

Stent classifies the replication schemes, on the basis of their distribu- 
tion of the parent material, into conservative, semi-conservative, and 
dispersive mechanisms. In the first, the integrity of the parent material 
is entirely preserved within a single one of the daughter duplexes. In 
the second mechanism, one chain in each daughter duplex is old, one 
new. In the last mechanism, the distribution of the old material is 
uniform throughout the four chains of the two daughter duplexes. 
Delbriick’s scheme is obviously dispersive; Bloch’s and Butler’s 
schemes are conservative; and the original proposal of Watson and 
Crick was semi-conservative in nature. If unambiguous tests could be 
made of the distribution of the parent material in the daughter 
duplexes, a considerable reduction in number of the potential replica- 
tion mechanisms might be made. 

To complicate the issue, at least in bacteriophages, replication and 
genetic recombination cannot be separated experimentally. This impels 
Stent to classify recombination mechanisms into “fragmenting” and 
“non-fragmenting.”’ Crossing over, according to the conventional con- 
cept, is of course fragmenting; “‘copy-choice” (a switch of the replica 
being formed from one template to another) might be either fragment- 
ing or non-fragmenting, in terms of the distribution of parent material 
in the daughter duplexes. The experimental result would be unam- 
biguous only if the integrity of the entire parent duplex, or of its two 
chains separately, was indefinitely preserved. But in the transfer of 
labeled DNA from a parent phage to its progeny only 35 to 50 per cent 
is recovered, and the unrecovered DNA is seemingly a random portion 
of the entire DNA of the parent, and no specific part. 

The transfer experiments with bacteriophage made over the past six 
years by various workers agree in showing that about half the parental 
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DNA is transferred in big pieces and the remainder is more widely 
distributed. In experiments in which the distribution has been traced 
into the second generation, the large pieces do not undergo any further 
breakup. Thus Levinthal and Thomas, from an elegant extension of 
radioautographie technique to the molecular level, reported to the 
Symposium that in intact phage the first generation progeny carried 
24 + 3% of the P*? in uniformly labeled parent phage, and the second 
generation progeny carried 26 + 3%. Their method involves sur- 
rounding the radioactive particles with an electron-sensitive nuclear 
emulsion. The electron tracks formed by the decay of radioactive 
atoms in the particles radiate so as to form stars. Detection of the 
emission is virtually 100 per cent efficient, and the activity of a particle 
is detectable down to a level of 15 disintegrations per month. The 
number of tracks per star is the parameter of significance, since it varies 
with the random incorporation of the radioactive isotope into the mate- 
rial. From the results, Levinthal computes that the large piece of DNA 
which maintains its identity has in phages T2 and T4 a molecular 
weight of approximately 45 million. One such large piece is released 
from each phage particle by osmotic shock; and approximately half 
of the P%?-label of such a piece is transmitted to the first and second 
generation progeny intact. Levinthal is inclined to believe that this 
“big piece” is the chromosome of the bacteriophage. To test this a cross 
was made between labeled and unlabeled T2 phages distinguished by 
carrying different A alleles. At least 90 per cent of the particles 
that formed stars also carried the h+ marker of the labeled parent, as 
would be expected if the labeled big piece of DNA is in fact the chromo- 
some of the phage. This result, however, is at variance with that 
obtained by Sato and Stent, using a P®2-inactivation method, and the 
interpretation, therefore, remains uncertain. 


The alternative experimental method just mentioned involves 
strongly labeling phage particles with P%2, the decay of which when 
incorporated into the DNA of the phage results in the killing of the 
virus (Hershey et al.). Fewer than 1 in 10+ unlabeled virus particles 
grown in labeled bacteria living on labeled medium proved not to be 
subject to death from the decay of the P?2—whence it follows that 
the half-portion of the DNA of the parent phage particle which is 
transmitted to the phage progeny cannot very often be transmitted 
as a complete complement to any individual daughter particle. But in 
the converse experiment, Stent and Jerne found that although the 
progeny particles carried on the average 2% of the parental P%? per 
particle, the inactivation by P*2 decay was less than 0.2% of that of 
the parent. It follows that most of the transferred P32 must be con- 
centrated within a relatively few progeny particles. In a seeond- 
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generation transfer experiment, Stent and his coworkers found that the 
amount of P%* which can be transferred from the first generation to the 
second diminishes from 50% to 25 % as the exposure of the first gen- 
eration to P?-decay is prolonged. This is taken to mean that half of 
the radioactive DNA is transferred in big pieces that make the recip- 
ients unstable, half in pieces so small that the recipients are unaffected, 
Transfer from the second generation of phage to a third resembles 
kinetically the first-to-second generation transfer just described. These 
results thus strengthen the conclusions drawn by Levinthal from the 
radioautographic method. The recognition of the bipartite (big pieces; 
small pieces) nature of the transmitted DNA necessitates a complete 
reevaluation of the indications as to whether replication is conservative, 
semiconservative, or dispersive. If the two portions of the DNA are 
not equivalent in role, it must first be determined whether it is the big 
piece, or the small pieces, that constitute the genetic material and are 
responsible for the replication of the DNA. If, as Levinthal thinks, the 
big piece is the chromosome of the phage particle, then replication 
cannot be dispersive and recombination cannot be fragmenting. This 
is all that can be said at the moment. 

Certainly the parental DNA is dispersed to a considerable degree 
in the course of replication and recombination, as the experiments of 
Garen and of Burgi show. When a cross is made between labeled and 
unlabeled phages differing in a genetic host-range marker, up to 65% 
of the P** label may separate in one generation from the genetic marker 
with which it was introduced. But this could be due to unspecific 
transfer as well as to fragmenting recombination. Certainly the labeled 
DNA is not randomly distributed, for 20 to 30% of it tends to stay with 
the original associated marker gene. Yet the experiment of Sato and 
Stent showed that this portion of the DNA that “stayed true” was 
either not identical with the “big piece” or else was not linked equally 
to all loci. The issue is further complicated by the strange finding 
(Luria and Dulbecco; Doermann et al.) that phage particles irradiated 
with ultraviolet and rendered unable to infect host bacteria may never- 
theless transmit marker genes to progeny if mixed with live phage 
particles which can infect the bacteria and “rescue” the inactivated 
phage. Such rescued markers may appear in the progeny independently 
of one another. It now turns out that much of the DNA from the 
irradiated parent particles turns up in progeny that are similarly 
“dead,” i.e., unable to infect by themselves, whereas the rest of the 
DNA gets into live particles (Hershey). The number of “dead” 
progeny is no greater than the number of “dead” parents—hence no 
replication of the DNA in these particles seems to have occurred. The 
reverse cross shows that some 20 to 30% of the DNA from a live parent 
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particle gets into “dead” progeny. Taken altogether, these results 
support the concept of the bipartite nature of phage DNA. 

Another type of experiment conducted by Stent shows that bacterial 
nuclei of an initially unlabeled culture, after being grown on medium 
labeled with P82 for slightly more than a generation, almost all assimi- 
late P82 and become subject to death from its decay. Labeled nuclei 
grown in non-radioactive medium experience a dilution of their P** 
and become less subject to death from its decay. This experiment serves 
to eliminate the possibility that the DNA of the Z. coli nucleus repli- 
cates by a conservative mechanism without fragmentation because of 
genetie recombination; but that is all it tells. Distribution experiments 
with plant chromosomes (Plaut and Mazia) are no more explicit. In 
short, says Stent, “. . . two fundamental difficulties have so far pre- 
vented us from drawing any unambiguous conclusions concerning the 
question whether DNA replication is conservative, semi-conservative, 
or dispersive. An observed unequal distribution of the parental atoms 
may be due to an unequal role in the duplication process of various 
fractions of the total DNA contained in the self-duplicating structure, 
while an observed equal distribution may only reflect the randomizing 
effect of some post-replication event like fragmentation by genetic 
recombination.” 

The biological activity of the DNA molecule seems able to survive 
the rupture of a large majority (95% or more) of its phosphate diester 
linkages, when these are broken by P#? decay or even by enzymatic 
digestion. This is hard to conceive if replication involves a separation 
by unwinding of the two strands of the duplex. 

Most difficult of all in respect to the interpretation of the replication 
mechanism is the recent work by Stent and his coworkers on the 
apparent transfer of genetic information from parent DNA to progeny 
DNA through some intermediary substance. The observations are as 
follows. First, when P%?-labeled bacteria are infected with P?2-labeled 
phage, the ability of the infected cell to liberate infective progeny can 
no longer be suppressed by radioactive decay, soon after the develop- 
ment of the phage has begun, even though the parent DNA and all of its 
replicas are highly radioactive. It would seem that the genetic infor- 
mation may be transferred through some intermediate that is not sub- 
ject to radioactive destruction. Second, it was found that replication of 
the phage DNA does not occur in infected bacteria if protein synthesis 
has been inhibited, In any of several ways. If, however, the inhibiting 
condition is delayed until DNA synthesis has already begun, then the 
inhibition of protein synthesis cannot halt the synthesis of DNA. The 
adopted interpretation is that some protein is necessary for the initia- 
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tion of DNA synthesis, but that once a little of it has been provided, 
DNA replication can proceed. 

If “copying choice” (transreplication) is the right explanation for 
genetic recombination in phages, then the “mating” of templates and 
the conditions controlling the switching of a growing replica from one to 
the other cannot be ignored in considering the replication mechanism 
in general. Except in the temperate phages, the rounds of mating and 
the rounds of replication are equal in number (e.g., T2, T4). As for 
the temperate phages (A), it is possible that the phage may “mate” with 
a particular portion of the bacterial chromosome, so that the lack of 
correspondence is not critical; and this might even be true of the 
non-temperate phage T1, in which likewise the rounds of mating and 
replication are not equal. 

In summary, says Stent, “no definite conclusions regarding replica- 
tion can be drawn at the present moment.” Nevertheless, the progress 
made in the definition of the problem and the unexpected discovery of 
the bipartite nature of the DNA of the phage particle have opened up 
fruitful avenues of future investigation. If, as Levinthal suggests, the 
“big piece” is the phage chromosome and if half its atoms remain 
together in a single particle in spite of many successive cycles of recom- 
bination and replication, it must be that one of the chains in the original 
double helix remains intact. Copying choice rather than crossing over 
by matched breakage and cross-reunion, and a semi-conservative type 
of replication would be in harmony with the evidence. The heterozygous 
phage particles discovered by Hershey and Chase could arise from the 
presence of two replicas each of which had switched from one parent 
strand to the other in the duplex, but at slightly different points. Mean- 
while it may be kept in mind that such mechanisms and events operate 
at a very different level of organization than the chromosomal level 
studied by the cytologist and geneticist. We are still a long way from 
relating that level to the molecular level of DNA structure. 

Other unresolved issues were stated by Lederberg in his final sum- 
mation. What is the detailed structure of DNA? Beyond the Watson- 
Crick model, even if entirely correct, there lie numerous questions: 
how perfect is the pairing? do adjacent nucleotides interact? are there 
interruptions in the chains? are all linkages 3’-5’ phosphate diester 
bonds? how can a complete analysis of the sequence of bases be 
achieved? can we analyze the “big piece” chemically? Next are the 
problems of DNA synthesis, where one would certainly like to know the 
biological specificity, if any, of the synthetic polymer, and whether 
the synthesis is a replication or a lengthening of the DNA required as 
a “primer.” Thirdly, tests of the biological specificity of nucleic acids 
are urgently required, especially of DNA extracted from phage parti- 
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cles. Here Spiegelman’s protoplast preparations may become very use- 
ful tools. 

In spite of the brilliant studies already reported here, which may 
justify the optimistic view that ‘factorial descriptions are (about to 
be) replaced by chemical ones,” it is still very clear that geneticists and 
biochemists are for the most part talking different languages that 
remain mutually unintelligible, while the biophysicists and erystal- 
lographers add to the babel with a third. The microbiologists are trying 
valiantly in this commotion to dispel semantic confusion, even at the 
risk of generating yet another terminology. Benzer’s notable new terms, 
the muton, recon, and cistron, will undoubtedly become widely used 
because they so neatly distinguish the several operational concepts into 
which our onetime unit of heredity, the gene, has dissolved. [Less 
commendable is his application of formal taxonomic terms to the hier- 
archy of mutations, since that usage may create confusion, if taken 
seriously, in more areas than those where it might simplify exposition. ] 
Stent’s analysis of replication into conservative, semi-conservative, and 
dispersive mechanisms, and of recombination into fragmenting and 
non-fragmenting types, will clearly help to keep ideas in order and may 
in fact possess heuristic value by stimulating new and more critical 
experimentation. One must see the problem before the experiment can 
be conceived. In general, as Lederberg has emphasized, one must 
struggle to keep from regarding terms as facts, as geneticists have been 
prone to do; and one must in any case identify his own usage of each 
polyfaceted term. 
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effect of unlabeled D- and L-alanines 
upon incorporation of DL-alanine- 
1-Cl4 by, 214; fractionation of pro- 
teins of isolated, 226; incorporation 
of glycine-1-Cl4 into proteins and 
nucleic acids of, 228; effects of meta- 
bolic inhibitions on phosphorylation 
of nucleotide in, 229; methionine-S35 
uptake, 205; effect of sucrose concen- 
tration upon C-alanine incorporation 
by, 212 

Nucleic acid synthesis: 227 

Nucleic acid in tobacco mosaic virus: 

nature of disease produced with dif- 

ferent strains, 503; nature of activity 
of, 509; treated for one hour at 36°C. 
with various buffers and salts, 510; 
effect of ultracentrifugation on activ- 
ity of, 511 

Nucleic acids: base composition of de- 
oxypentose and pentose, 521-526 ; bases 
in, 522; biosynthesis of in some micro- 
bial sy ene 651-683; in cell division 
and protein synthesis, 168; chemical 
composition and structure, 520, 808 ; 
deoxy pentose, 523; and enzyme for- 
mation in shockates, 261; in isolated 
calf thymus nuclei; incorporation of 
glycine-1-C14 into, 228; intermediary 
metabolism of, 666; pentose, 524; as 
high polymers, 523; resynthesis in 
shockates and protoplasts, 263; syn- 
thesis of, 578, 815; and sy nthesis of 
proteins, 232-265, 780; synthesis in a 
thymine-requiring bacterium, 673: as 
transforming agents, 298. 787 

Nucleohistone: 538 
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Nucleoprotamine: 537 

Nucleoprotein: 537 

Nucleoprotein complexes, cytochemical 
properties of nuclear: 188 

Nucleoside, Di-phosphate: 587 

Nucleoside, Tri-phosphate: 587 

Nucleosides, effect of protein content of 
cytoplasmic particles: 271 

Nucleotide ratios in pentose nucleopro- 
teins: 525 

Nucleotide sequence: 525 

Nucleotides: in incorporation of amino 
acids into protein, 272; effects on in- 
corporation of amino acids into pro- 
tein, 268-274; pathways of enzyme 
synthesis of, 579-605; phosphorylation 
of in isolated calf thymus nuclei, 
effects of metabolic inhibition on, 229; 
synthesis of, 578, 815 

Nucleus: from spleen of Amphiuma, 44; 
role in cell division and protein syn- 
thesis, 168, 778; in heredity, role of, 
3-20; interphase, electronmicrographs 
of, 32; and protein synthesis, 200-230 


O 


Oocyte nucleus: of Ameiurus, 40; of 
Amphiuma, 40, 49; electronmicro- 
graph of, 30; of Necturus, 40; of 
Rana pipiens, 40 


P 


Pancreatic cell, electronmicrograph of: 
30 

Paramecium aurelia: antigenic specifi- 
city in, 146; conjugation in, 145; three 
systems of cellular heredity in, 154; 
transmission of antigenic specificities 
in, 147 

Paranemie coils: 26 

Pentose and deoxypentose nucleic acids, 
base composition of: 521-576 

Pentose nucleie acids: 524 

Pentose nucleoproteins, nucleotide ratios 
in: 525 

Phage: reed ribose nucleic acid. injec- 
tion of, 5; deoxyribose nucleic acid, 
unique an an features of, 657: 
genetic factors controlling, ability to 
become prophage, 483: infection, 
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metabolic picture, 400, 401; invasion 
in multiplication, chemical events in, 
652; immunity, 471; production, in- 
duced production, spontaneous pro- 
duction, 470; replication, mechanism 
of, 404; transfer of DNA to bac- 
terium, 656 

Phage T2: electron microscope pictures 
of, 400; ghosts, 400; nature of genetic 
material, 653 

Phages, of Escherichia coli B, virulent 
T-even: 399-406 

Phosphoribosylpyrophosphate, synthesis 
of: 583 

Phosphorylase, polynucleotide: 616 

Phosphorylation of nucleotides in iso- 
lated calf thymus nuclei, effects of 
metabolic inhibition on: 229 

Photoreactivation of Hemophilus in- 
fluenzae transforming factor by ex- 
tract of FE. coli: 341-343 

Plaque morphology of T4 strains: 73 

Plasmagene: 136 

Plectonemie coils: 26 

Pneumococcus, X-ray inactivation studies 
on transforming DNA of: 299-319 

Polyadenylate breakdown: 598 

Polyadenylic acid: 558 

Polyadenylic acid and polyuridylic acid, 
x-ray diffraction pattern of mixed: 560 

Poly-A fiber, x-ray diffraction photo- 
graph of: 554 

Poly AU: 558 

Polymer AGUG, structure of: 624 

Polymer AU: nucleotide sequences in, 
624; ribonuclease digestion products 
of, 621; scheme of cleavage by alkali, 
621; scheme of cleavage by pancreatic 
ribonuclease, 623 

Polymer formation, P?2-ADP exchange 
compared to: 598 

Polynucleotide chain, interruptions of: 
729 

Polynucleotide chain increase, 
thetical schemes of: 595 

Polynueleotide phosphorylase: 616; re- 
action mechanism, 629 

Polynucleotide structures, some features 
of: 565 

Polynucleotide synthesis: 615-637 


hypo- 
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Polynucleotides (see also Ribopoly- 
nucleotides and Deoxyribose nucleo- 
tide): 626; incorporation of ADP, 
UDP, CDP and GDP, 597; molecular 
weight and chain length, 626; path- 
ways of enzyme synthesis of, 579-605 

Polypeptide structures, some features 
of: 565 

Polyribonucleotides: structure of. syn- 
thetic, 557-562, 811; x-ray studies on, 
552 

Polytene chromosomes, Balbiani rings: 
52 

Polyuridylic acid: 558 

Positive interference: 130 


Prophage: 468; chromosomal location. 
475; genetic factors controlling ability 
of a phage to become, 483; host modi- 
fications resulting from presence of, 
492; nature of, 473; as model for 
proviruses, 493; mutations, 472; re- 
combination, theoretical representa- 
tion, 489 

Prophage-bacterium linkage, specificity 
of: 485 

Prophage-chromosome attachment: ad- 
dition or substitution, 487; insertion 
or attachment, 488; nature of, 487 

Prophage-linked and lambda transduc- 
tions, lysogenation with: 417 

Prophages: non-inducible, 481; number 
of, 474; specific location of, 479 

Prophages, \, recombination of: 490 

Prophages, UV inducible: 480; diagram- 
matic representation of the Gal re- 
gion, 480 

Prophase chromosome, electronmicro- 
graph of: 56 

Protamine, effect on C14-amino acid in- 
corporation by isolated calf thymus 
nuclei: 225 

Protein: content of cytoplasmic parti- 
cles, effect of nucleosides, 271; effects 
of nucleotides in incorporation of 
amino acids into, 268; effects of selec- 
tive inhibition on incorporation of 
metabolites into, 273; helical struc- 
tures in, 566; nucleotides in incorpo- 
ration of amino acids into, 272 
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Protein synthesis: anucleate systems, 
246; and DNA synthesis, some rela- 
tions of, 661; experiments in bacterial 
protoplasts, 252; experiments in cyto- 
plasmic particulates, 246; experiments 
with ruptured cells, 249; nucleic acids 
and, 232-265, 780; nucleus and, 200- 
230, 778; role of deoxyribose nucleic 
acid in, 216; role of nucleus, nucleic 
acids and associated structures in, 168, 
775; template question in, 233 

Proteins of isolated calf thymus nuclei: 
fractionation of, 226; incorporation of 
glycine-1-C1l4 into, 228 

Protoplasts: bacterial, experiments with, 
252; experiments with osmotically 
shocked, 259; resolvability of, 260; 
resynthesis of nucleic acids in, 263 

Protoplasts, osmotically shocked, DNA 
resynthesis in pellets from: 262 

Proviruses: lysogeny and problem of 
existence of, 494; prophage as a model 
for, 493 

Purine nucleotides, synthesis of: 583 

Purine ribonucleotide synthesis, de novo 
pathway: 581 

Pyridoxine: locus, 96; synthesis in 
Neurospora, mutants for, 11 

Pyrimidine: biosynthesis in virus in- 
fected cells, 667; possible interrela- 
tions of, 669 

Pyrimidine nucleotides: biosynthesis of, 
586; synthesis in lactobacilli, 586 

Pyrimidine ribonucleotide synthesis, de 
novo pathway of: 582 


R 


Rana pipiens, oocyte nuclei of: 40 

reciprocal recombination products: 130 

Recombinant forms, origin of: 94 

Recombination: intragenic, 11; sexual, 
435 

Recombination, genetic: and distribu- 
tion of parental atoms, 711; three 
mechanisms of, 713; molecular basis 
of in phage, 737; processes leading to 
in bacteria, 408 

Recon: 71; molecular size of, 92 

Replication: Block’s scheme of, 710; 
Butler’s scheme of, 705: of elementary 
fibrils, diagram of, 58: and genetic re- 
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combination, 731; genetic recombina- 
tion and distribution of parental 
atoms, 711; Platt’s scheme of, 705; 
Watson and Crick’s scheme of, 704 

Replication mechanisms, deoxyribose 
nucleic acid: conservative, 707; Del- 
briick’s scheme of, 708; dispersive, 
707; distribution of parental atoms, 
707; on mechanism of, 699-735; semi- 
conservative, 707 

Ribonucleotide synthesis: 580, 594; in 
infected bacteria, 664; effect of chlor- 
amphenicol on, 240; role of nucleus 
in, 643; synthesis, recently re- 
examined in autotrophic mutants, 
240; synthesis, salvage pathways of, 
582 

Ribonucleotides: effect on C14-alanine 
uptake in DN Aase-treated nuclei, 222; 
effect on glutamate-C1l4 incorpora- 
tion, 270 

Ribopolynucleotides: molecular weight 
of, 627; structure and nature of, 620; 
-synthesizing enzyme, purification of, 
596 

Ribose nucleic acid: effect on C14- 
alanine uptake in DNAase-treated 
nuclei, 222; as genetic material, 17; 
incorporation of various C14-labeled 
compounds into, 273; intracellular 
configurations of, 562; isotope content 
of after short P8204 pulse, 690; 
labeling in homogenates, nature of, 
639-644; loss of label from, 640: 
metabolism in T2-infeected F. coli, 
686-694 ; mononucleotides, specific ac- 
tivities of, 687; P82 incorporation in, 
689; in rat liver homogenates, effect 
of ATP on labeling, 641; rate of de- 
pletion of isotope from, 693: effects 
of selective inhibitors in incorporation 
of metabolites into, 273; silk gut, 
molar ratios of bases. 528; from silk 
gland, molar ratios of bases, 528: spe- 
cific activities of after a short P8204 
pulse, 691; structure, 557-562. 811; 
tobacco mosaic virus, 5: X-ray studies 
on, 552 

Ribose phosphate synthesis: 581 

Ribose-1-phosphate, synthesis of: 583 

Ribose-5-phosphate, synthesis of: 583 

Role of nucleus in heredity: 3-20 
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Salivary chromosomes: in Acricotopus 
lucidus, 50; in Chironomus, 50; in 
Drosophila melanogaster, 41; in Dro- 
sophila virilis, 29; in Sciara, 41 

Salmonella, transduction: 13, 430 

Scrara, salivary gland chromosome of: 
41 

Sexual heredity, role of cytoplasm in: 
137 

Sexual recombination, cell conjugation: 
421 

Shockates (see also Micromush): 290; 
resolvability of, 260; resynthesis of 
nucleic acids in, 263 

Streptomycin resistance: molecular 
weight of transforming factor for, 339; 
photoreactivation of Hemophilus in- 
fluenzae transforming factor by ex- 
tract of E. coli, 341-343 

Streptomycin resistance transformation: 
306, 309; in pnewmococcus, kinetics 
Of, 325 

Stronglyocentratus purpuratus: 
eggs, protein content of, 177 

Summary, 757-834 

Synthesis of proteins, nucleic acids and, 
232-265 


1ils 


T 


td locus, suppressor specificity at: 124 

Template: experiments with intact cells 
relevant to chemical nature of, 238; 
question in protein synthesis, 233; 
some general considerations on nature 
of, 235 

Tetrad analysis, results of: 99 

Tetrads, conversion in: 98 

Tetrahydrofolic acid, participation in 
enzymatic conversion of deoxyuridylic 
to thymidylic acid: 609-613 

Tetrahymena pyriformis, mating-type 
potentialities in: 161 

Thymidylic acid, from deoxyuridylic 
acid, participation of tetrahydrofolic 
acid: 609-613 

Thymidine nucleotide synthesis: 590 

Thymidine triphosphate, requirements 
for incorporation into DNA: 603 

Thymine deficiency: death of E. coli, 
674; induction of, 677 
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Thymine  deoxyribosides, 
steps in formation of: 671 

Thymus deoxyribose nucleic acid, base 
composition of column fractions: 530 

Tobacco mosaic virus: 504; amino acid 
composition of, 507; electronmicro- 
graph of, 30; protein, 32 

Topology of DNA duplex, 700 

Tradescantia, metaphase chromosome 
of: 38 

Transduced genetic material, injection 
and integration: 412 

Transducing phage, incorporation of 
genetic fragments: 412 

Transduction: abortive, 411; abortive 
and motility, 414; a comparative re- 
view, 408-454; cross, 14; functional 
and genetic persistence with replica- 
tion, 439; functional and genetic per- 
sistence without replication, 437; 
genetic recombination at the chromo- 
somal level—integration, 441; lyso- 
genation with lambda and prophage- 
linked, 417 ;.mode of incorporation of 
transferred material into recipient 
cells, 436; phage-mediated genetic 
transfer, 409; prophage-linked, 415; 
in Salmonella, 14, 430; tests, 446; of 
the transducing fragment, 434 

Transformants: divisions among, 326; 
number of, relation to DNA concen- 
tration, 329; quantitative determina- 
tion of, 323 

Transformation: of bacteria, criteria for, 
321-335; cellular, relation between 
quantity of TP-DNA and, 338; cumu- 
lative sensitivity, 328; exposure time 
to DNA, 328; of Hemophilus influ- 
enzae, 336-340; physical sensitivity, 
328; streptomycin resistance, kinetics 
of in pneumococcus, 325 

Transformations: capsule, limitations of 
classical system, 322; capsule, recov- 
ery of, 322; DNA concentration, 300 

Transforming activity: in pneumococcal 
DNA, destruction of, 313; meaning of 
concentration-response relationships, 
331; quantitation of, 300; stability to 
ultraviolet irradiation, 373 

Transforming agents: inactivation of, 
307; nucleic acids as, 298 


postulated 


848 


Transforming deoxyribose nucleic acid: 
334; chromatography of, 345; evi- 
dence for cell penetration, 337; irra- 
diation of highly aggregated, 314; of 
pneumococcus, X-ray inactivation 
studies on, 299-319; treatment of in 
5M urea, 311; uptake by susceptible 
cells, 336 

Transforming factor: Hemophilus in- 
fluenzae, photoreactivation by F. coll, 
341-343; molecular weight of for 
Streptomycin resistance, 339; strepto- 
mycin-resistance, 309 

Transforming principles: chemical na- 
ture of, 353; composition of, 354; 
deamination and, 366; dehydration 
and, 365; deoxyribonuclease and, 364; 
different stabilities of, 372; formalde- 
hyde effect on, 369; heat and, 363; 
inactivation of by ultraviolet irradi- 
ation, 367; heterogeneity of, 356; 
ionic strength and, 365; effect of 
mustards on, 369; molecular and 
genetic size of the transducing frag- 
ment, 434; molecule of, 360; muta- 
genic agents and, 366; pH and, 363; 
physical properties of, 358; properties 
of, 351-375; resistance to physical and 
chemical agents, 362; sedimentation 
constant (S20) of DNA, 340; ultra- 
violet irradiation and, 367; unstable, 
371 

Transforming principles, non-inactivat- 
ing agents: acriflavine, 370; carcino- 
genic and carcinostatic agents, 370; 
protein denaturing and _ sterilizing 
agents, 370; urethane, 370 
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Trans-heterozygotes: 449 

Transmission of antigenic specificities, 
in Paramecium aurelia: 147 

Transmutation: 10, 12, 62; and crossing- 
over, 12 

Trilium sp, microsporocytes from: 46 

Triturus, chromosome, lampbrush from: 
29 

Tryptophan synthesis, 
Neurospora: 15 

Tryptophan synthetase: 123; summary 
of properties of, 126 

Two-stranded helical molecule, forma- 
tion of: 557-562 

Tyrosinase activity, gene-controlled 
qualitative alternation: 16 


genes for in 


V 


Viruses: as bearers of heritable char- 
acteristics, 398, 796; formation of, 
664; progeny of composed of nucleic 
acid and protein of different strains, 
502; reconstituted from protein, and 
nucleic acid of tobacco mosaic virus, 
501-512, 806 


Ww 


Watson-Crick: hypothesis, 5; structure, 
6; unwinding and replication, scheme 
of, 704 


Z 


Zygotic induction: 478; and maternal 
inheritance, 495 
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